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SUMMARY 
The research presented aimed to investigate potential of subcritical fluid technology 
to effect Cl- release and transform compounds of copper alloy artefacts of cultural 
significance. The work intended to determine the most effective pH, temperature, 
and time combination subcritical treatment variables to: 1. transform or solvate 
insoluble or sparingly soluble copper compounds containing Cl - CuCl and 
Cu2(OH)3Cl (atacamite and clinoatacamite); 2. examine impact on typical patina 
compounds Cu2O and Cu2CO3(OH)2 and to establish optimal conditions for their 
retention throughout treatment. Additionally, the research expected to offer guidance 
on the values of the operational parameters to use when applying subcritical 
treatment to archaeological copper alloy objects.  
The series of experiments yielded preliminary results on solvation, extraction, 
chemical transformation, and physical modification of the predominant corrosion 
products found on copper alloy artefacts. Experiments were completed using 
analogue pressed pellets of corrosion products, naturally corroded copper coupons 
and archaeological artefacts, with specific focus on corrosion profiles, metallography 
and microstructure.  
The results of extraction show significant amounts of Cl- are removed and thus the 
reactivity of objects is reduced. While this study conclusively demonstrated 
subcritical treatment is capable of both removal and transformation of Cl-bearing 
compounds commonly present in copper alloy objects, it cannot be recommended 
for treating archaeological objects based on these results alone. Aesthetic and 
physical changes are unpredictable and may be unacceptable. Accepting these 
changes cannot directly be balanced against the proven effectiveness of subcritical 
treatment for removing Cl, nor its rapid treatment time.  
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1. INTRODUCTION 
1.1 Foreword 
Archaeological copper alloys undergo corrosion processes, which are largely linked 
to the abundant presence of the chloride (Cl-) ion naturally present in the burial 
environment. To successfully stabilise a corroding metal substrate, the Cl- ion 
requires elimination, or deactivation through the means of controlling the 
environmental parameters of moisture and oxygen around the active corrosion site 
(de Vivies et al 2007, Gonzalez-Pereyra et al 2007).  With marine archaeological 
artefacts, the methods for removing the Cl- ion from the corrosion zone have mostly 
involved alkaline washing methods, at times applied in conjunction with electrical 
currents, complexing agents and/or corrosion inhibitors (North and MacLeod 1987, 
MacLeod 1987, Scott 2002). The length of treatment and the difficulty and cost 
(health and safety and environmental implications) of using high pH solutions and 
the challenge of accurately monitoring Cl- extraction levels are concerns. Possible 
detrimental leaching of the base metal or alloying metals, disruption of patinas and 
surface-defining features, as well as problems relating to post-treatment long-term 
stability of the artefact are also reported as issues associated with these 
conventional treatments.   
To date, the research relating to the use of subcritical fluids for the stabilisation of 
metallic cultural heritage has focused on iron and its alloys (Drews et al 2004, de 
Vivies et al 2007, González-Pereyra et al 2010, Näsänen et al 2011, Näsänen et al 
2013, Drews et al 2013a, b, González-Pereyra et al 2013a, b). The positive results of 
the testing carried out so far have promoted an interest in the use of the technique to 
treat other metals from archaeological contexts. The study presented here aims to 
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investigate the use of subcritical technology to treat archaeological copper and its 
alloys. 
1.2 Subcritical Fluid Technology  
Subcritical aqueous solutions have been shown in previous work to be highly 
effective extraction media for archaeological iron artefacts due to factors that 
facilitate Cl- ion removal from the corrosion layers. The increase in temperature has 
been shown to accelerate the Cl- diffusion out of iron and its replacement with the 
hydroxide ion (OH-) (Drews et al 2004, de Vivies et al 2007, González-Pereyra et al 
2010, González-Pereyra et al 2013a, b, Näsänen et al 2011, Näsänen et al 2013, 
Drews et al 2013a, b, Näsänen et al 2016). The changes in physical properties of the 
treatment solution and potential transformations in compounds improve the rate and 
extent of Cl- extraction (Bird 1992, Lu et al 2001, Wagner and Pruß 2002, 
Fernández-Prini et al 2004, Kruse and Dinjus 2007). 
The effectiveness of the Cl- extraction and/or corrosion product transformation 
results in considerably reduced treatment times, minimising potentially detrimental 
effects to the artefact corrosion profiles, patina, metallography and micro- or macro-
structural integrity (e.g. original surface is retained and areas of intergranular 
corrosion or stress-corrosion cracking are not affected). Additionally, reported 
stability post-treatment eliminates the need for further treatments, such as the 
application of corrosion inhibitors and lacquers, (Näsänen et al 2013, Gonzalez et al 
2013a, b).  
Accelerated treatment times associated with the subcritical treatment offer beneficial 
outcomes in cost-benefit analysis. Solution cost is less as the volumes used are 
small and lower concentrations of chemicals are required. No laboratory space is 
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occupied by large treatment tanks, and minimal to no requirement for neutralisation 
of pH creates limited health and safety concerns within the semi-closed system 
setup (Näsänen et al 2011, Näsänen et al 2013). Outside of operational savings, the 
technology produces considerable cost-cutting opportunities and potentially 
enhanced long-term stability of artefacts treated, resulting in greater latitude for 
storage and display environments (Näsänen et al 2013, Gonzalez et al 2013a, b). 
The subcritical fluid technology may result in the use of less stringent environmental 
control practices without the immediate risk of reinitiating corrosion on treated 
artefacts. Subcritical fluid technology may offer an alternative to existing treatment 
options that is effective and ethical for the artefact, economic and environmentally 
more sustainable (Näsänen et al 2011).  
1.3 Treatment samples and parameters 
This research investigates the potential of subcritical fluid technology in the 
treatment of cultural heritage copper alloys examining the impact of temperature, pH 
and time on the Cl- bearing compounds nantokite (CuCl), clinoatacamite 
(Cu2(OH)3Cl) and atacamite (Cu2(OH)3Cl), as well as the common patina 
compounds cuprite (Cu2O) and malachite Cu2CO3(OH)2). Hydrolysis of nantokite in 
high relative humidity produces atacamite and clinoatacamite, which physically 
disrupts patinas and alters the object aesthetic (Oddy and Hughes 1970, Pollard et al 
1989, Scott 1990, Scott 2000, Scott 2002, Näsänen et al 2016). Converting 
potentially active and aggressive corrosion products such as CuCl and associated 
Cu2(OH)3Cl to unreactive compounds such as cuprite (Cu2O) and tenorite (CuO), 
while preserving important original surface characteristics and patina in subcritical 
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conditions, offers the basis for developing a new, predictive, evidence-based 
treatment alternative for the heritage sector (Näsänen et al 2016). 
The series of experiments yielded preliminary results on solvation, extraction, 
chemical transformation, and physical modification of the predominant corrosion 
products found on copper alloy artefacts. Experiments were completed using 
analogue pressed pellets of corrosion products, naturally corroded copper coupons 
and archaeological artefacts, with specific focus on corrosion profiles, metallography 
and microstructure.  
This research uses a multidisciplinary approach borrowing from the fields of cultural 
heritage, conservation, materials science, engineering, corrosion science, 
metallurgy, and fluid mechanics with the overall aim of offering an alternative 
treatment methodology for conservation of copper alloys, potentially capable of 
alleviating some of the issues linked to the existing treatment methods available.  
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2.  COPPER ALLOYS AND CORROSION  
2.1 Copper and its Alloys  
2.1.1 Unalloyed Copper 
Even with high degrees of refining, Cu is not homogenous, but contains inclusions of 
its main oxide, cuprite Cu2O formed by oxygen absorption in the refining process 
(Figure 2.1) (Wayman 1989, Scott, 2012) via mechanisms that remain debated 
(Tylecote 1987, Hauptmann et al 2002).  
 
Figure 2.1: Copper-copper oxide phase diagram for 400 – 1400 °C (Tahir and Tourgard, 2012) 
Throughout its use in objects, Cu has been alloyed with a number of other metals, 
changing its properties to fit the production process or intended use. Availability of 
Cu, as well as its alloying metals, increased with the introduction of mining and 
smelting activities, dating to c. 4000 B.C., with abundant evidence for major 
production in Eastern Europe and the Middle East, for instance in Iran from 14th 
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Century (Oudbashi 2013). Alloying elements include tin (Sn), zinc (Zn), lead (Pb), 
nickel (Ni), arsenic (As) and antimony (Sb), with varying concentrations creating 
marked changes in the behavioural properties of the alloy (Figueiredo et al 2010).  
Sn and As, for example, have been added into the alloy mixture since the 3rd 
millennium BC, due to the discovery that such additives allowed for minimised 
oxygen evolution during casting (Robbiola 1998, Scott 2012, Oudbashi 2013).  Zn 
was added to increase malleability and, at higher concentrations, hardness of the 
cast, nickel to enhance ductility and workability, and lead to improve fluidity and add 
weight (Scott 2012).  
2.1.2 Tin Bronzes  
Scott (2012) identified two major groups of tinned bronzes: high (wt%18-30%) and 
low (wt%1-18) tin, the levels determined by the period of dendritic growth in the 
transition phase between the solidus (S) and liquidus (L) lines (Figure 2.2).  
The microstructure of cast Sn-bronzes consists of cored dendrites, with composition 
gradient increasing in tin as they grow. The last liquid to solidify enriches with Sn 
upon cooling, and forms alpha- (α) and delta- (δ) phases, which fill in the areas 
between the dendrite arms. At 18%, thus moving into the high-Sn bronze category, 
the epsilon- (ε) phase becomes increasingly important, but brittleness of such alloys 
means they are less commonly encountered.  A limit of 14% Sn in copper is likely 
within ancient alloys, with the most common levels varying between a few to 12% Sn 
(Robbiola 1998, Scott 2012).   
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Figure 2.2: Phase diagram of tin-bronzes (www.quora.com) 
2.1.3. Brasses 
Zn-containing brasses were a later addition to alloying due to the technological 
restrictions of achieving the temperature required to smelt Zn. However, brass 
coinage is present in the archaeological record in the Roman period from 45 B.C. 
(Tylecote 1976, Craddock 1995, Scott 2002, Scott 2012). The Zn content in brasses 
varies considerably depending on the intended use and method of manufacture 
(Finnegan et al 1981, Scott 2012).  
Revered due to their resemblance to gold, brasses became particularly popular in 
the Middle – and Far Eastern regions. The malleability and acoustic properties of 
brass have also made it a material of choice for musical instruments throughout 
history, to modern day. 
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Figure 2.3: Phase diagram of brass, with increasing temperature and zinc content 
(www.researchgate.net ) 
Brasses are prone to failure by two mechanisms: dezincification and stress corrosion 
cracking (Langenegger and Robinson 1969, Tylecote 1979, Finnegan et al 1981, 
MacLeod 1987b, Tromans 1997, Scott 2012), which are often interlinked and may be 
intergranular and the latter, intragranular. Dezincification is most prominent in yellow 
brasses with >21.4% Zn, whilst the formation of a Cu2O patina has been shown to 
reduce dezincification rate and probability in red brasses (<9.2% Zn) (Finnegan et al 
1981). Stress corrosion cracking is often observed in brasses containing 
approximately 30 wt% Zn, in environments rich in contaminants such as ammonia 
NH3 (Parthasarathi and Polan 1987, Myers and Cohen 1984, Tromans 1997). These 
processes are described in further detail in Section 2.2.4.  
2.1.4 Leaded Bronzes and Brasses 
Copper and lead ores do not commonly exist together, suggesting that any alloying 
of Pb in copper artefacts is intentional. Pb is insoluble in copper, and due to its lower 
melting point, solidifies last as globules at the grain boundaries of copper (MacLeod 
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1991). This segregation is minimised through rapid cooling, resulting in finely 
dispersed Pb within the grain boundaries and/or dendrites of the copper matrix (Scott 
2012). While only applied in lower concentrations to increase workability or 
machinability (up to 10% commonly), Pb occurs in ternary and quaternary alloys, 
particularly in highly decorative mirrors from certain Asian regions (Scott, 2002). 
Higher- Pb bronzes and brasses suffer from problems relating to segregation of the 
Pb component, particularly where longer cooling times of the cast have occurred 
(MacLeod 1991). At the upper limit of Pb content, susceptibility to delamination at the 
Pb-Cu interface during cold-working and annealing increases (Scott 2012).  
2.1.5 Arsenical Coppers and Copper Antimony Alloys 
While abundant in the archaeological record, and potentially one of the earliest 
alloys, As-coppers were largely replaced by Sn-bronzes (Tylecote 1979, Scott 2012).  
Extraction and production challenges from the As ores often proved too 
cumbersome, unreliable and unprofitable. Additionally, the high toxicity of As fumes, 
evolved during production, may have eventually resulted in preference for Sn-
bearing ores, such as cassiterite (SnO2) for use in alloying with copper.   
Sb, also a continuous but lesser alloying element, is mostly found in alloys from 
areas prevalent in antimony deposits. Northover (1990), Schwab et al (2006), and 
Scott (2012) have reported on items pertaining to the Celtic cultures of Europe, 
where Cu-Sn-Sb alloys are thought to have been used to imitate the appearance of 
silver.      
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2.2 Corrosion of Copper alloys  
“Bronze vessels that have been interred under the earth a thousand years appear 
pure green the colour of kingfisher feathers... those that have been immersed in 
water a thousand years are pure emerald in colour with a jade-like lustre. Those that 
have not been immersed as long as a thousand years are emerald green but lack 
the lustre... those that have been transmitted down from antiquity, not under water or 
earth but through the hands of men, have the colour of purple cloth and a red 
mottling like sand, which protrudes when excessive, and looks like first-quality 
cinnabar. When boiled in a pan of hot water the mottling becomes more 
pronounced.”  
        -Zhao Xigu (Scott, 2002) 
2.2.1 Formation of Patina  
Throughout the millennia of its use, copper has been renowned for its resistivity to 
corrosion processes, as well as the aesthetic value of the corrosion patinas it 
produces. Pure copper, due to its nobility within the electrochemical series, can 
achieve passivity with relative ease, in a range of environments (Tylecote 1979, 
MacLeod 1987a, Robbiola 1998, Scott 2002, Scott 2012). This is particularly true 
and pronounced in environments where specific types of patina form.   
In the presence of oxygen, copper produces a thin, protective tarnish of copper (I) 
oxide, Cu2O, or blackening of copper (II) oxide, CuO (Finnegan et al 1981, MacLeod 
1987, Robbiola 1998, Scott 2000, Scott 2002, Frost 2003, Oudbashi 2013). This 
dense and coherent layer isolates the core metal from further reactions with the 
environment, passivating it by natural film formation.  
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Cu + Cu2+ 2Cu+    [2.1] 
In an aqueous environment (most burial and atmospheric environments), the 
formation of a Cu2O patina reaction maybe expressed as: 
2Cu+ + H2O  Cu2O + 2H+    [2.2] 
Also, predominantly present within a patina, are the carbonate compounds malachite 
(Cu2CO3(OH)2) and, less often, azurite (Cu3(CO3)2(OH)2) which is 
thermodynamically stable in relation to malachite over time (Stelzner and Eggert 
2008). Cu2CO3(OH)2 can occur as a turquoise green colouration on copper alloys 
subjected to outdoor, terrestrial and underwater archaeological environments 
(Tylecote 1979, Robbiola 1998, Stelzner and Eggert 2008). In the presence of 
sulphur compounds, such as sulphur dioxide (SO2) which is abundant in airborne 
pollutants, sulphonated compounds such as brochantite Cu4SO4(OH)6 can form 
(Tylecote 1979). The characteristics of the patina affecting corrosion mechanisms 
and rates include ‘chemical stability, solubility, hygroscopic behaviour of the patina 
salts in the environment as well as the physical structure of the patina’ (Tylecote 
1979). Additionally, patinas may be a highly revered feature on copper alloy artefacts 
due to their aesthetic value. Thus, if the patina is compromised though corrosion or 
erosion mechanisms, or mishandling practices such as over-polishing, the value of 
the artefact is considered lessened (Appelbaum 1987, Appelbaum 2012). The term 
patina has been interpreted in various ways and is often intertwined, if not confused, 
by terminology pertaining to corrosion layers or corrosion profiles. For the purposes 
of the work presented here the term patina is used to refer to oxide or carbonate 
compounds such as Cu2O, CuO and Cu2CO3(OH)2. Due to the focus of this 
research being stabilisation of chlorinated species, sulphonated species are not 
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discussed, but many sulphonated compounds are often incorporated and remain an 
essential component of patina production and retention, whether through natural or 
artificial mechanisms (Tylecote 1979). 
Copper corrosion products are usually combined with compounds of the alloying 
metals, mainly Sn, Zn and Pb formed largely through leaching processes of these 
elements from within the alloy (e.g. dezincification or destannification) (Langenegger 
and Robinson 1969, Finnegan et al 1981, North and MacLeod 1987, Scott 1990, 
MacLeod 1991, Robbiola 1998, Walker 2000, Scott 2002, Scott 2012).   
2.2.2 Factors Determining Corrosion and Corrosion Products 
2.2.2.1 The burial environment and chloride 
During burial, archaeological copper alloys form characteristic corrosion layers 
influenced by intrinsic factors within the alloy, redox potential, temperature, pH and 
water content of their burial environment (Tylecote 1979, Myers and Cohen 1984, 
North and MacLeod 1987, Robbiola et al 1998, Angelini et al 2007, Angelini et al 
2013). The corrosion rate of pure copper in a moderately aggressive burial 
environment has been estimated at 0.05 –4 µm per year, with a consistent decrease 
in corrosion rates occurring with time (Robbiola 1998). Faster corrosion rates are 
attributed to the formation of patinas that interfere with the transfer of species from 
anode sites at the metal surface (Tylecote 1979, Robbiola et al 1998, Ammeloot et al 
1999, Scott 2002). The composition of the alloy has a vital role in determining initial 
corrosion rates, as well as the decrease in rate of continued corrosion with time. 
Terrestrial burial environments are usually within a pH range of 4.5 to 9, with a 
corrosion potential of 0.3 – 0.5 V (vs. NHE), which is favourable to the formation and 
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preservation (stability) of patina compounds of both copper and tin (Tylecote 1979, 
Finnegan et al 1987, Robbiola et al 1998, Ammeloot et al 1999, Hassairi et al 2010), 
resulting in a reduced corrosion rate after formation. In more aggressive conditions, 
such as those with higher acidity, salinity, or turbulence, corrosion rates (Myers and 
Cohen 1984, North and MacLeod 1987, Angelini et al 2013) of Sn-based alloys can 
increase to 36 µm per year, with little to no reduction in rate due to the inability of the 
alloy to form a protective patina (Robbiola et al 1998, Hassairi et al 2007, Hassairi et 
al 2010). Robbiola et al (1998) have differentiated between these two processes as 
Type I and Type II corrosion, with recognition of the potential for one to develop into 
the other, should changes in the characteristics of the environment occur. Their work 
reflects current understanding of copper alloy corrosion and identifies three phases. 
This begins with a dissolution phase (Phase 1), with Type I and Type II differentiated 
between by the rate of corrosion and the formation of compounds. Whilst Type I 
Phase 1 characterises a low corrosion rate and the formation of insoluble 
compounds commonly of Sn, Type II is associated with a continually high corrosion 
rate in a less favourable environment, resulting in continued dissolution of the alloy 
accompanied by deposition and redeposition cycles of Cu-based compounds. Phase 
2 occurs in a more aggressive environment, where Type I responds by the 
development of Sn-based deposits over the surface, with a slightly reduced rate of 
Cu dissolution into the burial environment. Type II forms a highly porous, Cu-rich 
deposit over the surface, which facilitates continued reaction of anions such as Cl-, 
O- and OH- with the core metal. The difference between the two types in Phase 2 is 
created by the form of ionic diffusion controlling the reaction (Robbiola et al 1998, 
Scott 2002). Type I is governed by the cationic reaction, of copper ions diffusing 
outward, whilst the more aggressive corrosion is controlled by the anions and their 
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ability to access the metal core, thus allowing for a continued dissolution reaction. 
Extremes of pH, high salinity levels, elevated temperatures and oxygen availability 
are all factors enabling the Type II reaction to occur by favouring corrosion potentials 
that favour dissolution of the parent metal (Robbiola et al 1998, Hassairi et al 2007, 
Hassairi et al 2010, Oudbashi 2013). Phase 3 refers to possible ageing of the 
corrosion products, resulting in decreased corrosion rates, or the reinitiation of 
corrosion through a change in the environment or mechanical factors such as a 
patina defect or damage to the artefact. This results in complete mineralisation or 
localised corrosion such as pitting or stress corrosion cracking (Parthasarathi and 
Polan 1987, Robbiola et al 1998, Ammeloot et al 1999, King 2010).  
The dissolution and redeposition characteristics of copper allow for repeated removal 
and recreation of a marginally protective patina [2.1, 2.2].  Direct correlation between 
the kinetics or thermodynamic systems of a corrosion environment and the resulting 
products requires further study. Eh-pH (or Pourbaix) diagrams offer predictive 
thermodynamic corrosion modelling in different environments, but corrosion 
behaviour within a natural environment is much more complex. Many diagrams are 
necessary to grasp the multifaceted kinetics, mechanisms, nature of resulting 
corrosion products, and their stoichiometric ratios (Pourbaix 1974, 1977, Cubiciotti 
1988, King 2010).  
Changing just one variable, such as pH, temperature and molarity of the reaction 
environment can yield marked differences (McNeil and Little 1992, Robbiola et al 
1998, Scott, 2002). The processes and the resulting corrosion products are 
dependent on the ambient environment (Tylecote 1979, Parthasarathi and Polan 
1987 Robbiola et al 1998). The kinetic stability of copper and its salts changes 
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markedly with increasing Cl- concentrations (Tylecote 1979, MacLeod 1987, 
Cubiciotti 1988, Scott 2002, King 2010). In environments rich in Cl-, such as marine 
contexts, complex minerals such as connellite (Cu19(OH)32(SO4)Cl4·3H2O) or 
buttgenbachite (Cu19Cl4(NO3)2(OH)32•2(H2O), may form (Bannister et al 1951, 
Pollard et al 1990b, Frost 2002). 
Corrosion processes within burial often involve the highly mobile and soluble Cl- ion 
forming sparingly soluble CuCl at the metal surface, intermixed with Cu2O (MacLeod 
1991). The Cl- ions are involved in corrosion process, by either influencing the 
kinetics of the oxidation process or affecting the formation of corrosion products 
(Tylecote 1979, MacLeod 1981; MacLeod 1987; MacLeod 1991, Robbiola 1998, 
Scott 2002, Oudbashi 2013). 
The hydrolytic dissolution reaction of copper may be accelerated and continued by 
the highly active Cl--ion in an autocatalytic reaction: 
2CuCl + H2O  2HCl + Cu2O [2.3] 
Leading to the regeneration of CuCl: 
2HCl + 2Cu  2CuCl + H2  [2.4] 
This process occurs in a range of heterogeneous electrochemical processes across 
the metal/electrolyte or metal/environment phase boundary resulting in solvation of 
metal ions and the release of electrons (MacLeod 1981, Kiss 1988, Robbiola 1998, 
Chiavari et al 2007).  
Due to the general high resistivity of copper to corrosion, these cyclical hydrolysis 
reactions are commonly limited to areas where the Cu2O (or other Cu- or alloying 
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element oxide or carbonate) patina has been compromised (a defect in the patina or 
accumulation of debris or crusts on the surface) and CuCl is exposed. As the 
corrosion processes are isolated and localised, the term pitting corrosion has been 
widely applied to this corrosion behaviour of copper and its alloys (Lucey 1972, 
MacLeod 1981, Shalaby et al 1989, Scott 1990, McNeil and Little 1992, Sosa et al 
1999, Scott 2000, Scott 2002, Saber and el Warraky 1991, El Warraky et al 1997, 
Yabuki and Murakami 2007). 
2.2.2.2 Energy of Formation and stability of compounds in corrosion profile 
Corrosion processes of copper are largely dictated by free energy of formation (Δ 
(G°)) of the different products and these proceed in a sequential manner from CuCl, 
Cu2O and CuO at the highest (least negative) end of the spectrum to Cu2(OH)3Cl 
compounds at the lowest (most negative) (Frost 2003) (Table 2.1).  
Table 2.1: Free energy of formation values of the different copper corrosion products. (Frost 2003, 
Korzhavyi and Johansson 2010) 
Reaction Mineral name of product Free energy of formation 
Δ (G°)f  (kJ mol-1) 
Cu  Cu2+ + 2e- Cupric ion  -0.34 
Cu  Cu+ + e- Cuprous ion  -0.54 
Cu + ½ Cl2  CuCl Nantokite -119.7 
Cu + 1/2O2  CuO Tenorite -128.8 
2Cu + ½O2  Cu2O  Cuprite  -140.9 
Cu + Cl2 + H2O CuCl2.2H2O Eriochalcite -655.9 
2CuO + HCl + H2O  Cu2Cl(OH3)3 Botallackite -1322.6 
2CuO + HCl +H2O  Cu2Cl(OH3)3 Atacamite -1339.2 
2CuO + HCl +H2O  Cu2Cl(OH3)3 Clinoatacamite -1341.8 
 
The crystallography and formation of Cu2(OH)3Cl polymorphs are still not fully 
understood and extensive research is required to establish their relationship and 
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conditions favourable for formation of one over the other. According to the energies 
of formation, the least negative value would imply greater tendency to form, while the 
most negative suggests the most stable compound formed (Scott, 2002, Frost 2003, 
Korzhavyi and Johansson 2010). The energy of formation therefore determines 
stability, and thus directly affects the ability to solvate – the process which most 
conservation treatments rely on for success. Equally, the potentially differing 
response to conservation treatment of polymorphs such as atacamite and 
clinoatacamite is yet to be established or proven within the field of conservation. The 
common occurrence of Cu2O, rather than CuO is clear from data in Table 2.1.  
2.2.3 Alloying elements/ galvanic corrosion 
The physical and electrochemical nature of a copper alloy is largely dependent on 
interaction of alloying elements with Cu, each other and the surrounding 
environment. Alloying element reactions with the environment often dictate corrosion 
mechanisms, rates and products. Robbiola et al (1998) identified that most research 
concentrates on the corrosion processes and resulting corrosion products and 
patinas of Cu, whilst the alloying elements are largely ignored. Other than when 
present in silver (Ag) or gold (Au) artefacts, Cu will act as the more noble component 
over its alloying metals, which often produces micro-galvanic corrosion (Scott 2002, 
Chiavari et al 2007).  
Dealloying is the reaction and consequent mobilisation, with or without deposition, of 
an alloy constituent within a particular environment. Sn has an important role in 
determining the corrosion processes and mechanisms of Cu (Robbiola et al 1998). 
Destannification, the leaching of Sn out of an alloy, is a common corrosion 
mechanism in archaeological bronzes. Burial environments rich in oxygen, extremes 
18 
 
of pH, or autocatalytic species such as Cl--ions in an aqueous media (electrolyte), 
result in the simultaneous dissolution of both Sn and Cu, and consequent 
redeposition of the cathodic Cu onto the artefact, while the less noble (anodic) Sn is 
lost into the environment (North and MacLeod 1987, Robbiola 1998, Scott 2002).  
Sn  Sn2+ + 2e-   [2.5] 
The low solubility of SnO2 and its stability means Sn2+ ions normally remain close to 
the metal surface. Bernard and Joiret (2009) demonstrated in their work how 
“analysis of some corroded bronze objects leads to the conclusion that amorphous 
tin oxide is the key of corrosion process despite the common accepta[nce] of copper 
compounds’ reactivity”.  Sn2O has a Gibbs energy of formation value of -519 kJ.mol-1 
implying its inherent probability of formation over Cu2O with a value of -140.9 kJ.mol-
1, as well as its stability over a wide range of pH values (Robbiola et al 1998). This 
explains the commonly encountered Sn-enrichment over the surface of 
archaeological bronzes. Similarly, dezincification (Figure 2.4) occurs as a dissolution 
process of the more anodic Zn in a half reaction:  
Zn  Zn2+ + 2e-   [2.6] 
resulting in a porous matrix, enriched in copper (Heidersbach and Verink 1972, 
Tylecote 1979, Saber and El Warraku 1991, Ateya et al 2009). Simultaneous 
dissolution of both alloying components may also occur, and the reaction depends 
largely on the corrosion potential (Eh, or Ecorr (V)), of the environment (Tylecote 
1979, Robbiola 1998). Temperature, pH and electrolyte composition, as well as 
composition of the alloy have considerable effects on the Eh (Finnegan et al 1981) 
with elevation in temperature and salinity of electrolyte causing severe dezincification 
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in brasses (Ateya et al 2009). The presence of Cu2O as a patina layer has been 
shown to reduce the rate of dezincification reactions (Finnegan et al 1981). The 
energy of formation of ZnO, and its solubility and stability fields mean it is commonly 
lost to the environment (Finnegan et al 1987, Saber and El Warraku 1991, Ateya et 
al 2009). 
 
Figure 2.4: Corrosion potential regions for preferential dissolution of copper and zinc in brass in 
chloride-containing aqueous environments (after Scott 2002, data from Heidersbach and Verink 
1972) 
The potential for intergranular corrosion to result from the depletion of Zn from the 
alloy grain boundaries (Saber and El Warraku 1991, Scott, 2012). Brasses renowned 
for their corrosion resistance are thus paradoxically prone to considerable loss of 
physical and mechanical integrity through processes of intergranular corrosion. On a 
macroscopic scale, dealloying may be the result of, and be initiated or accentuated 
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by, stress corrosion cracking, a phenomenon also often observed in copper alloys 
(Tylecote 1979, Parthasarathi and Polan 1987).  
Table 2.2: Common copper alloy corrosion products and their occurrence 
Compound Formula Occurrence Reference 
Nantokite CuCl Burial 
(Terrestrial 
and Marine) 
Frondel 1950, Organ 1961, Oddy 1970, 
MacLeod 1981, 1987, 1991, North and 
MacLeod 1987; Weisser 1987, Pollard 1990, 
1992, McNeil and Mor 1992; McNeil and 
Little 1992; Scott 1990, 2000, 2002, Frost 
2002; Angelini et al 2013 
Atacamite Cu2Cl(OH3)3 Post-Burial 
(Terrestrial 
and Marine) 
Frondel 1950, Organ 1961, Oddy 1970, 
MacLeod 1981, 1987, 1991, North and 
MacLeod 1987; Weisser 1987, Pollard 1990, 
1992, McNeil and Mor 1992; McNeil and 
Little 1992; Scott 1990, 2000, 2002; Frost 
2002; Angelini et al 2013; Krivovichev 2017 
Clinoatacamite Cu2Cl(OH3)3 Post-Burial 
(Terrestrial 
and Marine) 
Frondel 1950, Organ 1961, Oddy 1970, 
MacLeod 1981, 1987, 1991, North and 
MacLeod 1987; Weisser 1987, Pollard 1990, 
1992, McNeil and Mor 1992; McNeil and 
Little 1992; Scott 1990, 2000, 2002; Frost 
2002; Angelini et al 2013; Krivovichev 2017 
Paratacamite  Cu3(Cu,Zn)(OH)6Cl2 Post-Burial 
(Terrestrial 
and Marine) 
Frondel 1950; Palache, Berman and Frondel 
1951; Organ 1961; Oddy 1970, MacLeod 
1981, 1987, 1991; North and MacLeod 
1987; Weisser 1987; Pollard et al 1990, 
1992; McNeil and Mor 1992; Scott 1990, 
2000, 2002; Frost 2002; Angelini et al 2013 
Cuprite Cu2O Atmospheric, 
Burial 
(Terrestrial 
and Marine) 
Pourbaix 1973, Finnegan et al 1987; 
MacLeod 1987a, 1991, Pollard et al 1990,  
Chase 1994; Selwyn et al 1996; Frost 2002, 
2003 
Tenorite CuO Atmospheric 
(heated), 
Burial 
(Terrestrial 
and Marine) 
Evans 1960, Pourbaix 1977, MacLeod 1991 
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Malachite (Cu2CO3(OH)2) Burial 
(Terrestrial 
and Marine) 
Atmospheric 
Palache, Berman and Frondel 1951, 
MacLeod 1987, Vink 1986, Pollard et al 
1991, McNeil and Little 1992; Schweizer 
1994; Selwyn et al 1996; Stelzner and 
Eggert 2008 
Brochantite Cu4(SO4)(OH)6 Atmospheric, 
Marine 
McNeil and Little 1992; Schweizer 1994; 
Selwyn et al 1996; Eggert et al 2004, 2010, 
Muros and Scott 2016 
Cassiterite SnO2 Burial 
(Terrestrial 
and Marine) 
Atmospheric 
Gettens 1964; North and MacLeod 1987, 
MacLeod 1982, 1985 1991; Wang et al 
1995; Robbiola et al 1998; Oudbashi 2013 
Zinc oxide  ZnO Burial 
(Terrestrial 
and Marine) 
Atmospheric 
Gettens 1964; Finnegan et al 1987; North 
and MacLeod 1987; MacLeod 1991 
Basic lead 
carbonate 
2PbCO3 · Pb[OH]2 Burial 
(Terrestrial 
and Marine) 
Atmospheric 
Gettens 1964; North and MacLeod 1987; 
MacLeod 1991 
Lead oxides  PbO and PbO2 Burial 
(Terrestrial 
and Marine) 
Atmospheric 
Gettens 1964; North and MacLeod 1987; 
MacLeod 1991 
Lead sulfide  PbS Anaerobic 
Terrestrial, 
Anaerobic 
Marine 
Gettens 1964; North and MacLeod 1987; 
MacLeod 1991 
Lead sulfate  PbSO4 Aerobic Burial 
(Terrestrial 
and Marine), 
 
Gettens 1964; North and MacLeod 1987; 
MacLeod 1991 
2.3 Post-excavation Cl-activity 
Excavating artefacts changes their environment. Humidity levels are commonly 
considerably reduced, particularly when excavated from wet or waterlogged burial 
contexts. Atmospheric gas levels, most importantly oxygen, are markedly increased. 
If Cl- ingress into the artefact has occurred during burial, its presence may become 
problematic, particularly in uncontrolled environmental conditions. Four Cu-chloride 
compounds are commonly cited as occurring on artefacts: nantokite (CuCl), and the 
three trihydroxychlorides, Cu2(OH)3Cl, atacamite and clinoatacamite (a polymorph of 
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atacamite) and paratacamite (Scott 1990, MacLeod, 1991, Scott 2000, Scott 2002). 
Since the paratacamite crystal structure is stabilised by the presence of Zn and Sn, it 
commonly occurs in copper alloy artefacts. CuCl is non-reactive within the corrosion 
layers if atmospheric moisture and oxygen are absent or sufficiently low (MacLeod 
1991). Above 42% Relative Humidity (RH) (Scott 1990, Thickett et al 2008), 
hydrolysis of CuCl occurs resulting in the formation Cu2(OH)3Cl (MacLeod 1981, 
MacLeod 1987b, Scott 2002) [2.7 – 2.9]. 
CuCl within pits beneath the cuprite layer is problematic (MacLeod 1987a, b, 
Robbiola et al 1998) as hydrolysis can occur in inconspicuous areas where early 
detection is not possible. Similarly, hydrolysis of CuCl within voids previously 
occupied by inclusions of alloying elements such as Pb and Sn, or within eutectoid 
phase regions of the alloy is cause for concern (MacLeod 1991, Robbiola et al 1998, 
Scott 2002). Depletion of Cu at grain boundaries produces intergranular corrosion 
and stresses that result in corrosion stress cracking, which facilitates Cl--catalysed 
corrosion processes to occur deep within the metal matrix and results in weakening 
of the metal core (Robbiola et al 1998; Scott, 2002). 
When present, Cl- within the corrosion matrix acts as an auto-catalyst to promote 
further hydrolysis in a cyclic reaction [2.7, 2.8] resulting in the formation of 
Cu2(OH)3Cl polymorphs [2.9] (Scott 2002): 
2CuCl + H2O  2HCl + Cu2O      [2.7] 
2HCl + 2Cu  2CuCl + H2      [2.8] 
4CuCl + O2 + 4H2O  2 Cu2(OH)3Cl + 2H+ + 2Cl-   [2.9] 
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The reaction of CuCl with atmospheric agents of moisture and oxygen is commonly 
termed ‘bronze disease’, and is depicted in a schematic diagram as shown (Figure 
2.5): 
 
Figure 2.5: Schematic diagram of CuCl hydrolysis and ‘Bronze Disease’ (after Organ 1963) 
The voluminous nature, formation and growth of Cu2(OH)3Cl beneath overlying 
Cu2CO3(OH)2 and Cu3(CO3)2(OH)2 and Cu2O and CuO patinas causes physical 
damage, loss of original surface evidence within them and destroys object aesthetic 
(Organ 1963, Schweizer 1991, Robbiola and Fiaud 1994, Robbiola et al 1998, Scott 
2002). Density and hardness differences cause physical disruption of patina (Table 
2.2 - values from www.webmineral.com). Once formed, Cu2(OH)3Cl polymorphs 
offer no further risk beyond the physical damage they have already caused to 
patinas by their voluminous growth. They are very sparingly soluble and will not 
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transform or release their Cl- in any of the storage conditions expected in heritage 
contexts. 
Table 2.3: Density and hardness quantification in copper compounds pertinent to ‘Bronze Disease’ 
(Näsänen et al 2016) (values from www. webmineral.com) 
 
Compound Density Hardness 
Nantokite CuCl 3.93 2-2.5 – Gypsum-Finger Nail 
Tenorite CuO 6.5 3.5-4 – Copper Penny-Fluorite 
Cuprite Cu2O 6.1 3.5-4 - Copper Penny-Fluorite 
Atacamite Cu2(OH)3Cl 3.76 – 3.78 (Av. 3.76) 3-3.5 – Copper Penny- Calcite 
Paratacamite 3.74 3 – Calcite 
Clinoatacamite Cu2(OH)3Cl 3 – calcite 3 – Calcite 
Copper Cu 8.94 - 8.95 (Av. 8.94) 2.5-3 - Finger Nail-Calcite 
As such, they are symptomatic of corrosion rather than corrosion drivers and their 
removal will relate more to aesthetic goals. However, their porosity and the damage 
to patinas facilitate ingress of oxygen and moisture to the CuCl at the 
metal/corrosion product interface leading to more corrosion and patina damage. Pits 
act as sites for such problems to occur (Figures 2.5, 2.6 A). Intergranular corrosion 
can also continue by hydrolysis where CuCl has been formed (Figure 2.6 B). 
A.     B.  
Figure 2.6: A. Bronze Disease www.rrconservation.co.uk/wp-content/uploads/helmet6-600x600.jpg,     
B. http://www.collector-antiquities.com/uploads/pics/0034_1_lg.jpg (accessed 28.02.2018) 
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3. TREATMENT OF COPPER ALLOY ARTEFACTS  
Options for stabilising Cl- driven corrosion of copper alloys are: Cl- ion removal; 
environmental control of corrosion drivers (moisture or oxygen); and chemical 
inhibition (MacLeod 1987a, b, Watkinson 1996, deVivies et al 2007, Gonzalez-
Pereyra et al 2007). It is necessary to prevent CuCl reacting with post-excavation 
environments to prevent the cyclical oxidation and hydrolysis mechanisms catalysed 
by Cl- [Eq. 2.3, 2.4 and 2.7-2.9]. Therefore, either removing or transforming CuCl to a 
more stable non-reactive corrosion product with accompanying release of its Cl-  into 
solution are conservation options. Treatments have included washing processes to 
solvate sparingly soluble CuCl (Oddy and Hughes 1970, MacLeod 1981, MacLeod 
1982, North and MacLeod 1987, Scott 2000); immobilisation of Cl- by transformation 
of CuCl to insoluble AgCl using silver oxide (Ag2O), accompanied by displeasing 
blackening of silver chloride AgCl (Organ 1963, Scott 2002); inhibition with 
benzotriazole (Madsen 1967, Madsen 1985, Tennent and Antonio 1981, Gilberg 
1988, Faltermeier 1998, Scott 2002). 
3.1 Factors determining treatment efficacy 
3.1.1 Corrosion profiles 
CuCl is commonly localised to the metal/corrosion layer interface and corrosion pits 
in the metal. Typically, corrosion profiles comprise of corrosion products reducing in 
volume and heterogeneity towards the metal core (Robbiola et al 1998, Oudbashi et 
al 2013) (Figure 3.1).  
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Figure 3.1: Banded structure of copper corrosion products with Cu2Cl(OH)3 (green) to the right, and 
increasing Cu2O (red) and CuO (black) content to the left (Oudbashi 2013) 
These corrosion layers vary in their properties, which include density, porosity, 
hardness and volume. This influences treatments relying on diffusion processes to 
access the metal core or corrosion products adjacent to it. Removal of Cl- is 
challenged by its location throughout the corrosion profile (Oudbashi 2013) (Figure 
3.2, Table 3.1). 
 
 
Figure 3.2: SEM imaging for EDS analysis of elements detected by wt% in artefact HT.50.04 
(Oudbashi 2013) 
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Table 3.1: SEM EDS analysis results of elements detected by wt% in artefact HT.50.04 (Oudbashi 
2013) 
 
 
 Cu Sn Pb O Cl S Si Al Mg 
HT.50.04 A 64.6
 
11.16 - 2.63 21.5
 
- - - - 
 B 73.3
 
1.21 - 1.55 23.9 - - - - 
 C 29.2
 
40.91 - 3.33 20.8
 
- 5.7
 
- - 
 D 29.0
 
4.05 - 34.7
 
32.1
 
- - - - 
 E 75.6
 
16.08 - 0.14 4.82 - 3.3
 
- - 
 
 
The insolubility of SnO2 and resulting redeposition as suggested by Robbiola et al 
(1998) discussed in Chapter 2.2.2.1. is supported by this data per zone, as is the 
loss of the mobile Cu+ and Cu2+ to the environment. 
3.1.2 Solubility and diffusion 
For treatments where solvation of compounds is the goal, such as soaking in 
Na2CO3 or traditional hot washing (Plenderleith and Werner 1972), the solubility 
coefficient of the target compound is of principal importance. The solubility product 
constant (Ksp) for CuCl is 1.72 x 10-7 (Liu et al 2008) at room temperature (RT) while 
the Ksp for clinoatacamite and atacamite is 3.9 x 10- 36 (Ball and Nordstrom, 1991). In 
order to calculate the solubility of the Cl- ion the Ksp must be divided by the molar 
solubility s2 for CuCl to give 4.14 x 10-4 and for the Cu2(OH)3Cl the Ksp must be 
divided by molar solubility 6s3 which results in a value of 1.575 x 10-12.  For aqueous 
wash solutions at RT, even if active corrosion sites are accessed, solvation or 
dissociation in water is unlikely for all three chlorinated species. Where higher pH 
values than those of water are utilised (i.e. carbonate-based solutions at 
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concentrations of 2-5% for a pH of 9-11), the abundance of the OH- ion increases 
solubility of CuCl and Cu2O may form [3.1]: 
 
    2CuCl + OH-  Cu2O + 2Cl- + H+   [3.1] 
 
These Cl- ions diffuse from areas of high Cl-  concentration within the artefact into the 
bulk volume of the low Cl- concentration solution (MacLeod 1987b).  The process 
follows Fick’s Second Law of Diffusion shown in the partial differential equation as 
shown by Selwyn et al (2001) for iron: 
   [3.2] 
Where: 
• φ is the concentration in dimensions of [(amount of substance) length−3], 
example mol/m3; φ = φ(x,'t) is a function that depends on location x and time t 
• t is time [s] 
• D is the diffusion coefficient in dimensions of [length2 time−1], example m2/s 
• x is the position [length], example m 
 
Diffusion coefficient (D), which determines the rate at which the ionic species 
transports through a media. In an artefact, diffusion coefficient is determined by 
concentrations in the artefact and the solution and also porosity (tortuosity) of the 
corrosion layer through which the ionic species travel into the bulk solution. Selwyn 
et al (2001) state that “the diffusion coefficient will be smaller than in open solution 
and will reflect the pore sizes, channel size and connectivity of the liquid within the 
solid material through which the Cl- ions are diffusing”. The characteristics of the 
30 
 
corrosion layers play an integral role in determining tortuosity and hence their 
thickness, composition, geometry and condition dictate diffusion paths, patterns and 
rates. This porosity and physical integrity will also determine whether CuCl removal 
or transformation is necessary by blocking H2O access to CuCl.  
In aqueous solutions, treatments are accelerated by elevated temperatures as the 
Arrhenius equation dictates, doubling of reaction rate for every 10 °C increase 
(Schwaab et al 2007).   
Increased temperatures also dramatically change the transport properties of water, 
by decreasing its polarity due to the decrease in its dielectric constant (Bird, 1992, Lu 
et al 2001, Wagner and Pruß 2002, Fernández-Prini et al 2004, Kruse and Dinjus 
2007, Gonzalez-Pereyra et al 2010, Näsänen et al 2011, Näsänen et al 2013). 
These principles are discussed further in Chapter IV: – Subcritical Fluid Technology, 
with specific reference to the proposed alternative for treating copper alloy artefacts.   
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3.2 Common Treatment Goals, Principles and Limitations 
Some of the commonly employed treatments for stabilising copper alloy artefacts are 
discussed. Table 4 lists the main categories of treatment types, and risks associated 
with the use of these.  
Table 3.2: Risks associated with common treatment types (Oddy and Hughes, 1970, MacLeod 1987a, 
b, MacLeod 1991, Scott 2000, Scott 2002)   
 
Risk Treatment Type 
Length of treatment Chemical Treatments, Electrolysis 
Health and safety and environmental concerns (e.g. 
toxicity, handling large amounts of hazardous liquids 
Chemical Treatments, 
Electrolysis, 
Corrosion inhibitors  e.g. BTA, 
Coatings 
Lack of accuracy in monitoring treatment 
progress/success 
Chemical Treatments, 
Electrolysis, 
Corrosion inhibitors  e.g BTA, 
Coatings 
Leaching of alloying metals Chemical Treatments, Electrolysis 
Changes to artefact integrity 
Chemical Treatments, 
Electrolysis, 
Coatings 
Long-term stability – reinitiation of corrosion 
Chemical Treatments, 
Electrolysis, 
Corrosion inhibitors  e.g BTA 
3.2.1 Chloride extraction/washing methods  
Objects are, normally, physically and, occasionally, chemically cleaned to reveal a 
pseudomorph of the original metal surface comprised of corrosion products. At this 
stage, desalination treatments are often applied to remove Cl-. These treatments rely 
on solvation of the sparingly soluble CuCl and principles of diffusion governed by 
concentration gradients (MacLeod 1987b, Selwyn et al 2001).  Where thick corrosion 
profiles exist, the solubility coefficients of the corrosion products significantly limit the 
rate of outward diffusion of the Cl- close to the metal surface as CuCl (MacLeod 
1987b). Soaking in deionised water may initiate corrosion of copper but may also 
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leach the alloying metals, particularly Pb (MacLeod 1987b). In many cases, the 
appearance of remaining patina may also change. Wash times are considerably 
longer than those noted with solutions of a higher pH and an abundance of the OH- 
ion.   
Desalination is often carried out using alkaline solutions within a pH range of 9 - 11, 
providing OH- ions which drive Eq. 3.1. to the RHS to free Cl- ions (MacLeod 1987b). 
The most widely utilised treatment for marine artefacts, is soaking in aqueous 
solution of sodium sesquicarbonate, Na3H(CO3)2 commonly at 2 to 5 wt% (North 
and MacLeod 1987, MacLeod 1987b, Uminski and Guidetti, 1995). This treatment 
removes Cl-, without causing significant physical and visual changes to the patina of 
the artefact. Crystallisation of chalconatronite (Na2Cu(CO3)2.3H2O), from georgite, 
(Cu2+5(CO3)3(OH).6H2O), and basic copper carbonates Cu2CO3(OH)2 and 
Cu2CO3(OH)2 has been observed (Horie and Vint 1986, MacLeod 1987b, Pollard et 
al 1990), as a precipitate when the treatment solution evaporates on the artefact due 
to insufficient post-treatment rinsing. Precipitation of Na2Cu(CO3)2.3H2O and 
Cu2CO3(OH)2 and Cu2CO3(OH)2 occurring on the diffusion interface during 
treatment may hinder the Cl- diffusion process (MacLeod 1987b). Crystallisation of 
Na2Cu(CO3)2.3H2O is unsightly and disruptive to patinas due to their high volume 
and may offer sites for localised instability to develop (Paterakis 2003). The artefacts 
must undergo rinsing to prevent the formation of these ‘blooms’. A disadvantage is 
that completion time for treatment is most commonly several months, with several 
solution changes.  
Pollard et al (1990) reported that prolonged treatment with carbonates or hydroxides 
may result in the conversion of CuCl through Cu2O to CuO. Whilst the formation of 
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Cu2O is the treatment goal, conversion to black CuO brings with it considerable 
changes to patina appearance.   
Treatment with alkaline dithionite (NaOH + Na2S2O4) is based on the reduction of 
the Cu2O layer to copper metal [3.3 – 3.5]: 
3Cu2(OH)3Cl + S2O42- + OH-  6[Cu(OH)] + 3Cl- + 2SO42- + 4H+ [3.3] 
6[Cu(OH)] + S2O42-   6Cu + 2SO42- + 2H2O + 2H+   [3.4] 
3Cu2O + 2SO42-+ OH-   6Cu + 2SO42-+ H+    [3.5] 
This will alter patina and may disintegrate it or the entire object if it is mineralised 
(MacLeod 1987, MacLeod 1987b, Scott, 2002). For all wash treatments, completion 
is deemed to be when the concentration of Cl- in the wash solution does not increase 
or is repeatedly low when multiple baths are used.  
An additional alternative to the use of carbonates as washing solutions is offered by 
aqueous acetonitrile, H3CCN (Macleod 1987). This latter has been recognised as a 
powerful complexing agent for Cu (I) corrosion products, and is known to effectively 
stabilise bronze disease by conversion of CuCl [3.6] (Macleod 1987):  
 
CuCl + 4H3CCN  Cu(H3CCN)4+ + Cl-  [3.6] 
 
Darkening of the patina may occur if the soaking duration lasts for longer than 6 
weeks, and the complexing solution is toxic. 
 
Copper alloys recovered from marine environments are often covered in a concreted 
layer of corrosion products that obscure the original surface of the objects (MacLeod 
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1987, MacLeod 1991). Treatments to remove these and corrosion products have 
involved potentially invasive and damaging mechanical cleaning methods, often 
combined with the use of complexing and chelating agents, including citric acid, 
ethylenediaminetetraacetic acid (EDTA) and thiourea (Paterakis 2003, North and 
MacLeod 1987, MacLeod 1991).  
The use of chemical chelating or complexing agents is not ideal due to the lack of 
control of corrosion layer and/or patina removal, preference is for citric acid which is 
a relatively non-invasive product on the metal core, in comparison to alkaline glycerol 
(NaOH/C3H8O3) and sodium hexametaphosphate (NaPO3)6 (MacLeod 1987, 
Paterakis 2003, North and MacLeod 1987, MacLeod 1991). Corrosion products, 
such as Cu2S, PbSO4 and SnO2 are not soluble in citric acid, and may require 
mechanical cleaning (North and MacLeod 1987, MacLeod 1991). SnO2 removal is 
normally inappropriate, as it often delineates original surfaces and may contain 
original markings and surface features. SnO2 is also chemically inert and provides a 
protective barrier layer to the metal substrate underneath (Robbiola et al 1998). 
Changes to, or loss of, patina can also occur when using chemical strippers. High pH 
ranges will perform well to reduce or remove chlorinated compounds but will 
inevitably cause the production of black powdery CuO. Cu2O patinas could be 
considered more appealing aesthetically but are rare in pH ranges above 10, 
particularly with long-term soaking treatments.  
 
MacLeod (1987a) assessed a number of these treatment methods for copper alloys 
from marine and terrestrial sites based on their effectiveness in removing Cl- ions 
and impact on patinas as well as cost-benefit. The study showed a hierarchy in rate 
of removing Cl-: alkaline dithionite > thiourea-inhibited citric acid > 5 wt% sodium 
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sesquicarbonate > 1% wt benzotriazole > 50% vol acetonitrile > 1 wt% sodium 
sesquicarbonate > distilled water.  
Little work has been carried out to either assess the long-term success of treatments 
or identify quantifiable criteria for measuring success and there are reports detailing 
the instability of treated copper alloy artefacts (Horie and Vint 1982, Scott 2002, 
Paterakis 2003). Chemical residues of previous treatments may be linked to the 
formation of carbonate acetate-based crusts on the artefacts (Draymann-Weisser 
1994, Paterakis 2003) which are unsightly and may enable further corrosion 
processes, particularly in elevated relative humidity levels. Past and present 
treatments may not deliver the success claimed for them and quantitative study of 
their performance as functions of their environment is required.    
3.2.2 Corrosion inhibitors and Coatings (barrier treatments)   
For terrestrial archaeological finds and as a post-desalination step for marine 
archaeological finds, corrosion inhibitors, such as benzotriazole C6H5N3 (BTA), 
followed by a resin consolidant/surface treatment have been used (Sease 1978, 
Faltermeier 1992, Paterakis 2003). These aim to form stable surface complexes, 
obstructing either the anodic or cathodic reaction path, as well as sealing in the Cl- 
ion, to render it inactive (Sease 1978, MacLeod 1987, Scott 1990, Faltermeier 1998, 
Scott 2000, Scott 2002, Paterakis 2003, Golfomitsou and Merkel 2004, Cano and 
Lafuente2013).  
Treatment protocols consist of superficial cleaning, brief soaking in a corrosion 
inhibitor, most commonly BTA in water, ethanol or industrial methylated spirits 
(Sease 1978, MacLeod 1987, North and MacLeod 1987, Faltermeier 1998), followed 
by the application of a clear consolidant and/or coating, usually by immersion with or 
36 
 
without vacuum.  BTA was patented as a corrosion inhibitor in the United Kingdom in 
1947, but only introduced to the field of conservation some 20 years later by Madsen 
(1967, Sease 1978, Scott 2002). The BTA complexing mechanism remains unclear, 
but likely forms a coordination compound on the surface of copper by utilising the 
lone pairs of electrons on the nitrogen atoms (Sease 1978). The polymeric film forms 
a highly insoluble compound with copper (I) derivatives but shows irregularities 
where copper (II) compounds are involved (Golfomitsou and Merkel 2007, Alarcon 
2013, Cano and Lafuente 2013). 
The performance of corrosion inhibitors is poor on objects where copper chlorides 
are abundant with low-pH values in pits (Faltermeier 1995, Brostoff 1997, Scott 
2002, Chiavari et al 2007). “…Copper chloride salts strongly influence the copper-
BTA reactions and that intermediates such as CuCl2 and unstable cuprous chloride-
BTA derivatives may be involved with the CuCl-BTA reaction mechanism” (Scott 
2002, Golfomitsou and Merkel 2004, Cano and Lafuente 2013). Problems relating to 
the performance of corrosion inhibitors are not strictly limited to the presence of 
copper chlorides, however. Recently, the adverse effects of sulphide ions on the 
inhibition efficiency of BTA in seawater have been reported, suggesting corrosion 
reactions are accelerated rather than hindered (Hegazy et al 2001, Al-Kharafi et al 
2006, Allam et al 2009).  
More recently, 2-amino-5-mercapto-1,3,4-thiadiazole, C2H3N3S2 (AMT), has been 
proposed as an alternative to BTA (Faltermeier 1992, Golfomitsou and Merkel 2004, 
Cano and Lafuente 2013). Initially suggested (Ganorkar 1988) to be applied by the 
acid route with the addition of small amounts of nitric acid (HNO3), later work has 
explored less invasive application approaches. Research is ongoing as to the 
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optimal solvent of application to artefacts of cultural significance. Testing with 
deionised water has been carried out but requires prolonged soaking due to low 
penetration capability of the aqueous solution, which results in lowering of the pH of 
the solution and raising concerns for patina dissolution similar to the acid application 
route. Also of concern has been the potential for reactivation of Cl--based corrosion 
mechanisms with long-term aqueous treatment cycles (Faltermeier 1992). Alcohol-
based solvents (e.g. Industrial Methylated Spirits – IMS) offer improved penetrability 
through lowered surface tension and thus shorter treatment time (Faltermeier 1992, 
Golfomitsou and Merkel 2004) but increase health and safety precautions, 
particularly if heating is used to increase reaction rate. Regardless of the method of 
application, AMT works by formation of complex insoluble polymer precipitates with 
the target metal ion (Golfomitsou and Merkel 2004). It is able to react with Cu, Ni and 
Zn, and their respective corrosion products which makes it a potential candidate for 
the treatment of Cu and some of its alloys through inhibition. 
Of concern has also been the toxic nature of SOx, and NOx fumes, if applied by the 
thermal route (Faltermeier 1992). Handling of the AMT powder is also not advised, 
due to the carcinogenic nature of airborne particulates, if ingested through inhalation. 
In comparative tests against BTA, the inhibition performance of AMT appears slightly 
hindered, whilst aesthetic changes within corrosion layers are more subtle 
(Faltermeier 1992, Golfomitsou and Merkel 2004). Most recent study has involved 
the use of combination inhibitors. BTA and AMT together have been observed to 
produce encouraging results, particularly with Copper I compound complexes 
(Golfomitsou and Merkel 2004, Golfomitsou and Merkel 2007, Alarcon 2013, Cano 
and Lafuente 2013). Research is ongoing into the method of application, 
performance and long-term effects on copper alloy artefacts.  
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The most frequently used consolidant and/or lacquer for Cu and its alloys is 
Incralac™, a commercially available acrylic-based low molecular weight polymer 
(methyl methacrylate copolymer). Commercially available variations often contain 
BTA as a component of the product formulation (Sease 1978, North and MacLeod 
1987). The solid product is solubilised in the conservation laboratory with ease, 
commonly using solvents such as toluene (C7H8), acetone ((CH3)2CO) and, less 
frequently, xylene (C8H10). Incralac, alongside microcrystalline, polyethylene and 
paraffin-based waxes as surface treatments, have been widely accepted as the 
standard ‘recipe-treatments’ of copper alloy artefacts (Letardi 2004, Argyropoulos et 
al 2007, Degrigny et al 2007). Whilst effective in producing a durable and 
aesthetically pleasing protective layer over the artefact, concerns have been raised 
over the stability of these polymeric films in perpetuity, particularly in environmental 
conditions where elevated or fluctuating temperatures, humidities or UV-levels 
prevail (Chiantore and Lassari 2001, Thickett and Luxford 2007, Thickett et al 2008, 
Joseph et al 2007, Watkinson 2010, Appelbaum 2012). Where aging of the surface 
aging treatment is noted, reversibility of the applied treatment becomes problematic, 
particularly in substrates where high degrees of porosity have caused deep 
penetration of the product into the metal matrix. If the film is compromised through or 
physical or mechanical damage, the potential for reinitiation of corrosion at the defect 
sites is increased. Cross-linking of these products may cause discolouration of the 
object, but also physical stresses within the penetrated layers, resulting in cracking, 
delamination and possibly complete disintegration. Attempts at solvent removal may 
cause the cross-linked polymers to swell, resulting in severe stresses within the 
artefact (Oddy and Carrol 1999, Chiantore and Lassari 2001, Appelbaum 2012).  
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4. SUBCRITICAL FLUID TECHNOLOGY 
4.1 Principles of Fluid Mechanics 
The interrelationship between the three phases of water, liquid, solid and gas is 
determined by two factors, temperature and pressure. Two constants, the triple point 
(Tt) and the critical point (TC) at set temperature and pressure values determine the 
possibility of certain phases of water existing over others. Below the Tt the liquid 
phase does not exist and the solid and vapour phases dominate, with changes in the 
two factors allowing for processes such as sublimation to occur. TC is of great 
interest as it determines the uppermost limit of the temperature and pressure to the 
subcritical region (Bird, 1992, Lu et al 2001, Wagner and Pruß 2002, Fernández-
Prini et al 2004, Kruse and Dinjus 2007).   
 
Figure 4.1:  Phase diagram of water demonstrating the subcritical region (pink) (Gonzalez-Pereyra et 
al 2010) 
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Subcritical aqueous solutions are maintained in a liquid state by heating under 
pressure between atmospheric boiling point at 100 °C and their critical temperature 
of 374 °C (González-Pereyra et al 2010, Näsänen et al 2011, Näsänen et al 2013, 
Drews et al 2013a, b, González-Pereyra et al 2013a, b). Applied in a closed 
continuous flow system, subcritical fluid technology has been used successfully on 
iron and its alloys to extract soluble ions and transform unstable and insoluble 
compounds into stable forms (Drews et al 2004, de Vivies et al 2007, González-
Pereyra et al 2010, Näsänen et al 2011, Näsänen et al 2013, Drews et al 2013a, b, 
González-Pereyra et al 2013 a, b, Bayle et al 2016). The increased temperature 
during treatment accelerates Cl- diffusion from the object. Cl- is replaced by OH- ions 
from alkaline wash solutions (Drews et al 2004, de Vivies et al 2007, González-
Pereyra et al 2010, Näsänen et al 2011, Drews et al 2013 a, b, González-Pereyra et 
al 2013a, b). Decreased viscosity and density of solutions in subcritical conditions 
significantly improves penetration into the subsurface matrices of the target material 
and the reduced surface tension in subcritical conditions improves wetting (Table 
4.1) (González-Pereyra et al 2010, Näsänen et al 2011, Drews et al 2013 a, b, 
González-Pereyra et al 2013 a, b). Water polarity decrease occurs and produces 
enhanced solubility of otherwise insoluble or sparingly soluble compounds (Drews et 
al 2004), which releases ionic species for extraction (Drews et al 2004, Drews et al 
2013 a, b, González-Pereyra et al 2013 a, b, Näsänen et al 2016).  
CuCl solubility in aqueous solutions decreases with increasing temperature within 
the subcritical region, due to the formation of the denser Cu2O, and thus changed 
mineralogy, hindering free interaction of the solution with the target species (Liu et al 
2008). 
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Table 4.1: Properties of pure water in the subcritical region (Calculated after Wagner and Pruß, 
2002)  
Temp, C P, bar 
Density 
g/ml 
Viscosity 
cP 
Surf. 
Tension 
N/m 
Therm. 
Cond., 
W/m*K 
25 0.0 0.997 0.89 7.5E-02 0.61 
85 0.6 0.969 0.33 6.2E-02 0.67 
100 1.0 0.958 0.28 5.9E-02 0.68 
180 10.0 0.887 0.15 4.2E-02 0.67 
230 28.0 0.827 0.12 3.1E-02 0.64 
373 218.1 0.399 0.05 6.5E-05 0.55 
 
The temperature increase does however, cause an inherent shift to the products side 
of the equilibrium reaction resulting in greater abundance of OH- ions being available 
for exchange with the target Cl- ion (Näsänen et al 2016).  
The sodium bicarbonate equilibrium reaction with water in a closed system is shown 
in equation [4.1]  
CO32- + H3O-  + H2O  H2CO3 + OH- [4.1] 
The pH and potency of the solution are therefore increased as is the solvation 
capability towards the target compound (Näsänen et al 2016). Countering this is the 
potential release of Cl- into the solution, resulting in the production of hydrochloric 
acid (HCl), lowering pH, and increasing solubility of CuCl, in combination with the 
production of various copper complexes, such as CuCl2-, CuCl32- and Cu3Cl63- (Fritz, 
1981). Together with greater reaction times, increased diffusion constants, lower 
density and dielectric constant resulting in faster and greater access and exit paths 
of the ionic exchange (tortuosity) to and from the active corrosion sites through 
corrosion profiles (González-Pereyra et al 2010, Näsänen et al 2013, González-
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Pereyra et al 2013a, b), the solvation potential of the solution is increased to the 
degree where even the insoluble Cu2(OH)3Cl pertinent to bronze disease can be 
affected (Näsänen et al 2013 – poster, Näsänen et al 2016).  
Subcritical solutions are highly effective as extraction media for archaeological metal 
artefacts due to the following factors: 
• The increase in temperature results in a significant diffusion rate 
enhancement for the target anion (Cl-) and the exchanging anion (OH-), which 
increases diffusion rate of Cl- from the corrosion layers (Drews et al 2004, de 
Vivies et al 2007, González-Pereyra et al 2010, Näsänen et al 2011, Näsänen 
et al 2013, Drews et al 2013a, b, González-Pereyra et al 2013a, b).  
• The decrease in viscosity of water-based solutions significantly improves its 
penetration into the patina interstices to facilitate the Cl- removal (Bird, 1992, 
Lu et al 2001, Wagner and Pruß 2002, Fernández-Prini et al 2004, Drews et 
al 2004, Kruse and Dinjus 2007, González-Pereyra et al 2010, Näsänen et al 
2011, Näsänen et al 2013, Drews et al 2013a, b, González-Pereyra et al 
2013a, b).  
• The decreased density of the water-based solution also improves fluid 
transport into the corrosion pores (González-Pereyra et al 2010, 2013a, b, 
Näsänen et al 2011, Näsänen et al 2013).  
• The decrease in the surface tension of the solution improves wetting and 
penetration into the interstices (Bird, 1992, Lu et al 2001, Wagner and Pruß 
2002, Fernández-Prini et al 2004, Kruse and Dinjus 2007).  
• Decreased polarity of the aqueous treatment solution (dielectric constant) 
enhances solubility of insoluble or sparingly soluble compounds in the chosen 
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solvent, which releases the target anion (Cl-) for extraction (Bird, 1992, Lu et 
al 2001, Ramos et al 2002, Wagner and Pruß 2002, Fernández-Prini et al 
2004, Kruse and Dinjus 2007). 
Advantages to the artefacts include: 
• The effectiveness of the Cl- extraction and/or corrosion product transformation 
results in considerably reduced treatment times, which may minimise 
potentially detrimental effects to the artefact patina or micro- or macro-
structural integrity (i.e. original surface is retained).  
• Improved transport properties of ionic species reduces physical stresses 
within the corrosion profile. 
• The effectiveness of Cl- removal from the corrosion profile eliminates the need 
for further post-treatment procedures (application of corrosion inhibitors and 
lacquers).  
Possible disadvantages include: 
• Changes in colour or surface finish (decrease in aesthetic value) (Näsänen et 
al 2016). 
• Loss of patina and/or surface detail retained in common compounds such as 
Cu2O, Cu2CO3(OH)2 or SnO2 with high pH and temperature solutions 
(Näsänen et al 2016).  
• Mobilisation of parent or alloying metal elements with high pH and 
temperature solutions (Beverskog and Puigdomenech 1995, Näsänen et al 
2016).  
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• Disintegration of fragile areas of an artefact or its patina, particularly with high 
degree of mineralisation and/or intergranular corrosion (Näsänen et al 2016).  
4.2 History of Application to Cultural Heritage 
Subcritical water-based solutions for the treatment of iron artefacts has been studied 
at Clemson University Warren Lasch Conservation Center since 2003. The results 
can be summarised as follows:  
• Treatment times are reduced as compared to conventional soaking methods 
for Cl- removal from iron (Drews et al 2004, de Vivies et al 2007, Mardikian et 
al 2009, González-Pereyra et al 2010, González-Pereyra et al 2012, Näsänen 
et al 2011, Näsänen et al 2013, Drews et al 2013a, b, González-Pereyra et al 
2013a, b, Näsänen et al 2016). 
• Cl- readings are reported to be reduced to near-negligible levels (Drews et al 
2004, de Vivies et al 2007, Mardikian et al 2009, González-Pereyra et al 
2010, González-Pereyra et al 2012, Näsänen et al 2011, Näsänen et al 2013, 
Drews et al 2013a, b, González-Pereyra et al 2013a, b, Näsänen et al 2016). 
• Solutions are maintained in sealed containers for the duration of the 
treatments Näsänen et al 2011, Näsänen et al 2013, Näsänen et al 2016) 
• Physical integrity of the artefacts is reported to be preserved throughout 
treatment (Gonzalez-Pereyra et al 2013a, b). 
• Positive results have been seen with tests for long-term stability of treated 
artefacts (Mardikian et al 2009, Näsänen et al 2011, Näsänen et al 2013, 
González-Pereyra et al 2013b).   
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The conditions prevailing during subcritical treatment often favour corrosion product 
transformation. For corrosion products on iron artefacts recovered from marine and 
terrestrial contexts, results have shown a significant reduction in the quantities of the 
Cl--hosting iron oxyhydroxide akagenéite (β-FeOOH) – often linked to the 
continuation of active corrosion processes within iron artefacts (deVivies et al 2007, 
González-Pereyra et al 2007, Scott and Eggert 2009, Drews et al 2013a, b).  Similar 
reductions have been noted in the percentages of lepidocrocite (γ-FeOOH), whilst 
the levels of more stable corrosion products, such as magnetite (Fe3O4), hematite 
(Fe2O3) and goethite (α-FeOOH), increase (deVivies et al 2007, González-Pereyra 
et al 2007, Drews et al 2013a, b).  
Initial testing was begun in 2003, after the development and installation of an 
experimental reactor at the WLCC, with a fixed cell volume of 600 mL (Drews et al 
2004, de Vivies et al 2007, González-Pereyra et al 2010, Näsänen et al 2011, 
Näsänen et al 2013, Drews et al 2013a, b). Early work investigated deionised water 
under subcritical conditions at 180 °C and 50 bar on sections of corroded marine 
archaeological iron from the H.L. Hunley submarine (1864) (Drews et al 2013a, b, 
González-Pereyra et al 2013a, b) revealing that there were not sufficient OH- ions to 
desalinate the samples. Residual Cl- levels within samples digested in 25 wt% HNO3 
(González-Pereyra et al 2003, González-Pereyra et al 2004) remained high after 
treatment, and tests at 100 %RH revealed inherent Cl- at the metal-corrosion 
interface (Drews et al 2013b). Testing 0.5 wt% NaOH (aq), pH 13, provided 
increased concentration of the OH- ion (Drews et al 2013b). Temperature was 
determined to be the most defining factor in effecting change in transport properties 
of the solutions used, with the most extraction occurring at the highest temperature 
tested, 230 °C (Figure 4.2).  
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Flow rate was also found to be a key factor, and flow rates of between 0.3 mL per 
minute and 15 mL per minute were tested. The tests were allowed a duration of up to 
80 hours. Comparative treatment time testing was carried out between conventional 
soaking in 0.5 (pH 13) and 1 (pH 13.2) wt% NaOH, soaking under cathodic 
protection with a fixed current density of ~10mA/cm2 and subcritical treatment of 
various marine archaeological samples. 
 
Figure 4.2: Effect of temperature on the intial Cl- release rate under subcritical conditions in a 0.5 
wt% NaOH solution (Drews et al 2013b) 
 
The 0.5 wt% NaOH completed Cl- release into the subcritical fluid and consequent 
plateauing of Cl- levels in 1.14 (130 °C), 0.3 – 0.85 (180 °C) and 0.4 (230 °C) days, 
whilst comparative treatments required considerably longer (Figure 4.3).  
Further studies of residual Cl- within the rivet samples from the H.L. Hunley (R-1 to 
R-12) by digestion revealed similar or slightly improved desalination capability of 
subcritically treated samples versus those treated with conventional means (Table 
4.2).  
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Figure 4.3: Comparison of Cl- release rate in rivets treated with subcritical solutions vs. conventional 
desalination treatments (Drews et al 2013b) 
Table 4.2: Comparison of Cl- extraction and duration in subcritical treatment with 0.5 wt% NaOH vs. 
conventional desalination treatments (Drews et al 2013b) 
 
A 15 kg wrought iron ballast block from the H.L. Hunley was treated in 16 days 
(Näsänen et al 2011), with 90% of the total of 0.31 wt% Cl- extracted during the first 
5 days. Soaking in 1 wt% NaOH of similar artefacts had seen 90% Cl- release in 150 
days (Näsänen et al 2011, Gonzalez-Pereyra 2013 a, b). A mass-treatment of 5 
wrought iron ballast blocks weighing over 53 kg in total, was completed in 8 days 
(Näsänen et al 2011, Gonzalez-Pereyra et al 2013b). Further to mass-treatments, 9 
miscellaneous terrestrial (wrought and cast) iron artefacts from the Fort Sumter 
National Monument collection were treated simultaneously over 8 days. For the last 
4 days, Cl- levels in eluate remained below the detection limits of the ion 
chromatograph (10 ppb) (Näsänen et al 2011, Näsänen et al 2013, Gonzalez-
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Pereyra et al 2013b).  Gonzalez-Pereyra et al (2013 a, b) and Ternisien (et al 2013), 
discussed further batch treatments, as well as treatments of large artillery shells and 
bolts from the American Civil War Era. A 100-lbs cast iron Parrot shell, weighing 34 
kg, with a fixed Cu alloy sabot and a Zn fuse nut was treated in the 40 L reactor 
within 5 days. A total of 16.09 g of Cl- were removed during treatment. The treatment 
plan included a 72-hour presoak phase in the treatment solution of 0.5 wt% NaOH, 
prior to introducing the artefact to subcritical conditions. The pre-treatment 
assessment showed large areas of severe blistering and cracking of the cast iron. A 
7-inch cast iron Tennessee bolt (41.7 kg), with severe surface delamination was 
treated in 15 days, with 7.13 g of Cl- removed during treatment. All areas where 
physical integrity had been compromised through corrosion, were retained in situ 
throughout treatment (Gonzalez-Pereyra et al 2013a, b). 
Other work on subcritical fluid treatment on iron have included treatments of other 
large artillery shells and bolts, batch treatments of 252 wrought iron rivets from the 
H.L. Hunley, as well as another batch treatment of miscellaneous items. This work is 
unpublished.  
The corrosion products on Cu and Fe are inherently different with majority of the Cl-
bearing compounds on Fe being soluble, such as the very soluble FeCl2, or 
adsorbed onto β-FeOOH. Watkinson (et al 2016) found that most Cl- in the samples 
tested could be extracted within 2 hours of treatment. The Cl-bearing compounds on 
Cu, however, are sparingly soluble (CuCl) or insoluble (Cu2(OH)3Cl), thus making 
them less prone to extraction or transformation by the treatment applied.   
The parameters involved in subcritical technology are controllable. These include the 
treatment solution and pH, pressure, temperature, flow rate and time. Whilst each 
parameter is considered to have individual effects on the treatment outcome, they 
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are also correlated. For instance, a higher temperature may increase rate of diffusion 
and transformation of corrosion products, but higher extraction rates can also be 
produced through higher pH ranges, longer treatment times, as well as higher flow 
rates (Drews et al 2013b, González-Pereyra et al 2013 a, b). The extent to which 
each parameter is able to have an effect individually will vary. It is therefore 
important to examine the effect of each parameter individually and collectively.  
4.3 Aims and Objectives of Research 
4.3.1 Aim 
• To investigate potential of subcritical fluid technology to effect Cl- release and 
transform compounds of copper alloy artefacts of cultural significance.  
4.3.2 Objectives 
• To determine the most effective pH, temperature, and time combination 
subcritical treatment variables to transform or solvate insoluble or sparingly 
soluble copper compounds containing Cl: CuCl and Cu2(OH)3Cl (atacamite and 
clinoatacamite). 
• To examine impact of pH, temperature, and time subcritical treatment variables 
on typical patina compounds Cu2O and Cu2CO3(OH)2 and to establish optimal 
conditions for their retention throughout treatment.  
• To offer guidance on the values of the operational parameters to use when 
applying subcritical treatment to archaeological copper alloy objects.  
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5. METHOD  
5.1 Subcritical System and Apparatus  
A.  
B.  
Figure 5.1: A. Experimental subcritical reactor used for testing presented; B. Schematic diagram of 
the subcritical system apparatus (Gonzalez-Pereyra et al 2007, Näsänen et al 2016) 
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The subcritical system utilised a feed reservoir that delivered treatment solution to the 
sample being treated at a constant predetermined rate. The sample was enclosed 
within a reactor cell and the whole system brought under pressure, and temperature 
was raised by placing the cell in a high temperature fluidised bath. The outflow was 
sampled for analysis of Cl- concentration at the exit of the reactor, providing real-time 
measurement of ionic species within eluate at t = x.  
The subcritical reactor system comprised (Figure 5.1): a feed solution reservoir 
(Nalgene bottle, style 2122, size 4 L); high pressure pump (LabAlliance Series III 
Digital Pump); fluidised sand bath as a heat source and control (Techne SBL-2D with 
Eurotherm TC-8D Temperature Controller); stainless steel treatment cell; custom 
made 3-tier PTFE sample rack (Industrial Netting, Grades ET-8700 and ET-8120) in 
Experimental Series 1 (Figure 5.2a) and individual sachets of ET-8120 sewn together 
with PTFE tape for Experimental Series 2 and 3 (Figure 5.2b); back pressure regulator 
(Tescom 1500 psi maximum regulated); and an eluate collection vessel. Pressure was 
monitored using digital (Omega Engineering 0 to 2000 psig battery powered) and 
analogue (WIKA Type 232.53 Stainless Steel Industrial Gauge 0 to 2000 psi) gauges.   
Three reactor cells were utilised in the experiments; 600 mL, 40 mL and 12 mL (SS-
8F-60) internal volume - all made of 316 stainless steel. Inlet and outlet tubing for all 
cells was SS-T16-S-083-20 316/316L seamless 1/8” OD tubing with SS-203-1 (front) 
and SS-204-1 (rear) ferrules at all connection points. Connections were established 
with SS-200-6 stainless steel unions for 1/8” OD tubing and SS-2-202-1 nuts. All 
components were purchased from Swagelok (Solon, Ohio, U.S.A). 
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Figure 5.2: A. Schematic diagram of the positioning of samples in sample rack in Experimental Series 
1; B. Schematic diagram of the positioning of sample in sample sachet in Experimental Series 2 and 3 
5.2 Experimental Design   
5.2.1 Experimental Series 
 
Three sets of Experimental Series were carried out (Table 5.1).  
Table 5.1: Focal points of study per Experimental Series 
Experimental 
Series 
Aim Samples 
Series 1 
Chloride Extraction 
Corrosion Product Transformation 
Solvation 
Laboratory standards, synthesised 
corrosion products 
 
Series 2 
Chloride Extraction 
Corrosion Product Transformation 
Solvation 
Laboratory standards, synthesised 
corrosion products 
 
Series 3 
Metallography 
De-alloying 
Patina 
Chloride Extraction 
 
Corroded coupons of known composition 
(standards), historical/archaeological 
samples 
 
Cell Cell 
PTFE ET-8700 
Jacket 
PTFE tape 
stitching  
Sample   
SS rod   
PTFE ET-8700 
layer  
PTFE ET-8120 
support   
PTFE ET-8700 
Sachet 
A. B. 
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5.2.2 Subcritical Treatment Parameters 
5.2.2.1 Temperature 
Temperature is considered the most important factor in defining the transport 
properties of a liquid. This is certainly true for the subcritical spectrum (Figure 4.1).  
The subcritical region lies above the boiling point of water (100 °C), and below the 
critical point of 374 °C, above which, the fluid is in a binary phase of varying degrees 
of gas and liquid. Below the Tc, within the subcritical region, the fluid is maintained in 
the liquid phase by the application of pressure. The temperatures examined (Table 
5.2) in this study were determined by the limits of: 
1. The subcritical region (100 – 374 °C) 
2. The system/equipment utilised  
A lower limit of 130 °C was selected to allow for inadvertent fluctuation of temperature 
above the boiling point. As previous work with iron had utilised a temperature of 180 
°C, this was selected as a mid-range temperature. Since the maximum temperature 
that could be applied to the system was 250 °C, the 50 °C difference between the low-
point and the mid-point, was used to determine an upper test temperature of 230 °C 
to deliver a 100 °C range. This would impact on viscosity and density of the aqueous 
solutions, which changes diffusion rate (Tables 5.2 – 5.4, Figure 5.3).  
Table 5.2: Effect of temperature and pressure on density and viscosity in aqueous solutions, with 
selected temperatures highlighted (green) 
Temperature (°C) Pressure (bar) Density g/mL Viscosity (cP) 
25 0.03 1.00 0.89 
130 2.7 0.93 0.21 
180 10.0 0.89 0.15 
230 28.0 0.83 0.12 
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Table 5.3: Percentage change in density and viscosity per temperature 
Temperature (°C) Density decrease (%) Viscosity decrease (%) 
25 0 0 
130 7 76 
180 11 83 
230 17 86 
Table 5.4: Diffusion rate percent change in aqueous solutions as a function of temperature 
(calculated per Bird et al 1992) 
 
T(°C) 25 130 180 230 
Diffusion Percent 
Change % 
0 5.73 9.02 12.52 
 
 
 
 
Figure 5.3: Diffusion Rate change in aqueous liquid as a function of temperature (°C) (calculated per 
Bird et al 1992) 
5.2.2.2 Solution and pH 
Carbonate-based solutions have frequently been used in attempts to wash Cl- out of 
marine archaeological artefacts (Oddy and Hughes 1970, MacLeod 1981, MacLeod 
1982, North and MacLeod 1987, Scott 2002) as they provide a stable pH related to 
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their concentration. The carbonate anion and water equilibrium can be modelled as a 
monoprotic weak base because the basicity of the solution at relatively high 
concentrations prevents carbonic acid from being formed [5.1]. 
                       CO32- + H2O  HCO3- + OH-   [5.1] 
pH 8 and pH 10 were selected in the subcritical experiments as the stability fields of 
metallic copper, Cu2O, CuO and Cu2(CO3)(OH)2 exist within pH 8 to 11 (Figure 5.4) 
and Cu2O is stable at pH 8 in the presence of CO32-  and Cl- ions (Vink 1986, MacLeod 
1987, Lower 1996, Scott 2002, Stelzner and Eggert 2008). Therefore, pH 8 - 10 may 
result in the transformation and/or preservation of these compounds. Redeposition of 
Cu2CO3(OH)2 or Cu3(CO3)2(OH)2 over an artefact surface during prolonged soaking 
in carbonate-based solutions should not occur in subcritical conditions, as the 
continuous flow of the system and high temperature, produce rapid treatment times 
and constant renewal of treatment solution.  
 
Sodium carbonate, at [0.01%wt] was selected for testing as its pKa value is close to 
the upper pH limit of 10. For pH 8 sodium bicarbonate [0.00193%wt] was used. The 
sodium bicarbonate equilibrium reaction with water is shown [5.2] (after Lower 1996). 
 
CO32- + H3O+ HCO3- + H2O   H2CO3 + OH-                  [5.2] 
 
The range of compounds stability fields within the pH region of interest at 25 °C and 
150 °C, offer an insight into the effect of pH on transformations at the lower 
temperature spectrum of the subcritical region (Figure 5.4). In the range pH 8 – 10 
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there is no change in the composition of the compounds expected and only minor 
change in the potential at which compounds are stable.  
 
Figure 5.4: Eh-pH diagrams for copper at 25°C and 150 °C respectively, demonstrating effect of 
temperature on predominant species relative to pH (Beverskog and Puigdomenech 1995) 
 
Temperature has an important impact on pH. At elevated temperatures, the 
endothermic reaction [5.1, 5.2] will absorb heat, causing the dynamic equilibrium to 
shift toward the right, increasing the amount of OH- ions and the solution pH (Figure 
5.4, Figure 5.5) which creates conditions favouring outward diffusion of Cl- ions and 
transformation to copper oxides via hydroxide formation. Due to the presence of CO32- 
in the treatment solution, stable carbonates may form.  
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Figure 5.5: pH dependence on temperature and concentration in a carbonate system (González-
Pereyra 2015 – unpublished  - ©WLCC) 
Temperature can create marked differences in pH, and the availability of OH- for 
diffusion exchange with Cl-. Consequently, to deliver the same OH- concentrations, at 
higher temperatures, lower initial solution concentrations can be used for treatment 
within the subcritical region. Also, the solution is constantly renewed with the 
continuous flow to maintain an optimal OH- concentration gradient. Solution pH and 
thus OH- concentration is not compromised through reactions with ambient CO2. 
Conventional soaking treatments require a higher concentration of the treatment 
solution due to interactions with CO2 in the environment, resulting in reduced pH over 
time (North and MacLeod 1987, MacLeod 1987a, González-Pereyra et al 2007, 
González-Pereyra et al 2010). This requires solution changes to maintain pH and 
avoid loss of concentration gradient as Cl- diffuse into solution. Conventional treatment 
solutions within the concentration range of 2-5% achieve a pH of 9 – 11 (MacLeod 
1987a, b, Scott 2002). In contrast, within the subcritical region lower solution 
concentrations, such as 0.01 wt% of Na2CO3 (pH of 10) and 0.0000193 wt% of 
NaHCO3 (pH of 8) can be used (Figure 5.6).  
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Figure 5.6: Stability region of carbonate-based solutions per log concentration (Lower, 1996) with pH 
range of 8 to 10 (used in testing presented) highlighted in red 
5.2.2.3 Time and sampling schedule 
Time is an important factor in all treatment designs. Faster times mean better cost- 
benefit and faster turnaround of treatments. Optimising treatment time for the 
maximum Cl- extraction is important. Provided the concentration gradient is 
maintained at a level promoting diffusion, and solution penetration is not inhibited by 
tortuosity, longer treatment times can be theorised to produce greater extraction of Cl- 
ions. Three time-variables were tested (60, 300 and 480 minutes). Maximum run times 
were dictated by time constraints as set-up and cool down for each experiment added 
a further 120 minutes to each run. Using 16 (overnight), 24 and 72- hour runs limited 
sampling and data collection. Unnecessarily extended treatment times may also result 
in loss of patina and/or core metal components.  
5.2.2.4 Flow 
Flow plays an integral role in an extraction system by maintaining concentration 
gradients and solution properties to aid diffusion of soluble ions. It is less important 
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where either the target ions are part of an insoluble compound (e.g. Cu2(OH)3Cl) or 
removed from immediate contact with the treatment solution and are reliant on paths 
of tortuosity. Higher solution flow may result in material losses from the sample. 
Previous work on iron (González-Pereyra et al 2013b) had determined the minimum 
number of required complete volume exchanges as 10, for Cl- released into eluate to 
reach levels at or below the preassigned reasonable target value of 0.3 ppm. With the 
40L reactor cell, the optimal and practical flow had been assigned as 30 mL/min. With 
the 40 mL cell then, the same flow ratio would have been calculated as 0.3 mL/min. 
However, flow rates as low as this are not sufficient to maintain pressure in the 
subcritical system (minimum of 0.7-1.0 mL/min is required once set pressure has been 
achieved at an initial higher flow rate). A flow rate of 5 mL/ min was assigned for tests 
with the 40 mL cell initially used in Series 1 testing. With the transition into the 12 mL 
treatment cell, a flow rate of 1.5 mL per minute was assigned, to ensure pressure 
stability within the system throughout testing in Series 2 and 3.    
5.2.3 Experimental Series 1 – Pilot Studies -  Exploring impact of 
treatment variables on copper corrosion products (see Chapter 6.1 
Results) 
Pressed pellets containing a single copper corrosion product were manufactured. The 
pellets were subjected to subcritical treatment in batches of three, with each pellet 
comprised of the same corrosion product. The corrosion products tested were; 
atacamite, clinoatacamite, CuCl, Cu2O and Cu2CO3(OH)2. Each pellet was tested 
once. Two pH values (pH 8 and 10) and two treatment times (60 and 300 minutes) 
were tested at three temperatures (130, 180 and 230 °C) (Table 5.5). The pellets were 
monitored for Cl- extraction (see Chapter 6.1.1), aesthetic effect/impact on colour (see 
Chapter 6.1.2) and corrosion product transformation (see Chapter  6.1.3).   
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Additionally, preliminary tests of solution pH under subcritical conditions were carried 
out by testing solution through the system without samples for a duration of 180 
minutes (see Chapter 6.1.4). 
Table 5.5: Design of Experiment for Series 1 
Test ID Temperature (°C) pH 
Time 
(min) Pellets (#) 
Compound 
name 
Compound 
formula 
1 130 8 60 1.1;1.2;1.3 clinoatacamite Cu2Cl(OH3)3 
2 130 8 60 2.1;2.2;2.3 atacamite Cu2Cl(OH3)3 
3 130 8 60 3.1;3.2;3.3 malachite Cu3(CO3)2(OH)2 
4 130 8 60 4.1;4.2;4.3 nantokite CuCl 
5 130 8 60 5.1;5.2;5.3 cuprite Cu2O 
6 130 8 300 6.1;6.2;6.3 clinoatacamite Cu2Cl(OH3)3 
7 130 8 300 7.1;7.2;7.3 atacamite Cu2Cl(OH3)3 
8 130 8 300 8.1;8.2;8.3 malachite Cu3(CO3)2(OH)2 
9 130 8 300 9.1;9.2;9.3 nantokite CuCl 
10 130 8 300 10.1;10.2;10.3 cuprite Cu2O 
11 130 10 60 11.1;11.2;11.3 clinoatacamite Cu2Cl(OH3)3 
12 130 10 60 12.1;12.2;12.3 atacamite Cu2Cl(OH3)3 
13 130 10 60 13.1;13.2;13.3 malachite Cu3(CO3)2(OH)2 
14 130 10 60 14.1;14.2;14.3 nantokite CuCl 
15 130 10 60 15.1;15.2;15.3 cuprite Cu2O 
16 130 10 300 16.1;16.2;16.3 clinoatacamite Cu2Cl(OH3)3 
17 130 10 300 17.1;17.2;17.3 atacamite Cu2Cl(OH3)3 
18 130 10 300 18.1;18.2;18.3 malachite Cu3(CO3)2(OH)2 
19 130 10 300 19.1;19.2;19.3 nantokite CuCl 
20 130 10 300 20.1;20.2;20.3 cuprite Cu2O 
21 180 8 60 21.1;21.2;21.3 clinoatacamite Cu2Cl(OH3)3 
22 180 8 60 22.1;22.2;22.3 atacamite Cu2Cl(OH3)3 
23 180 8 60 23.1;23.2;23.3 malachite Cu3(CO3)2(OH)2 
24 180 8 60 24.1;24.2;24.3 nantokite CuCl 
25 180 8 60 25.1;25.2;25.3 cuprite Cu2O 
26 180 8 300 26.1;26.2;26.3 clinoatacamite Cu2Cl(OH3)3 
27 180 8 300 27.1;27.2;27.3 atacamite Cu2Cl(OH3)3 
28 180 8 300 28.1;28.2;28.3 malachite Cu3(CO3)2(OH)2 
29 180 8 300 29.1;29.2;29.3 nantokite CuCl 
30 180 8 300 30.1;30.2;30.3 cuprite Cu2O 
31 180 10 60 31.1;31.2;31.3 clinoatacamite Cu2Cl(OH3)3 
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32 180 10 60 32.1;32.2;32.3 atacamite Cu2Cl(OH3)3 
33 180 10 60 33.1;33.2;33.3 malachite Cu3(CO3)2(OH)2 
34 180 10 60 34.1;34.2;34.3 nantokite CuCl 
35 180 10 60 35.1;35.2;35.3 cuprite Cu2O 
36 180 10 300 36.1;36.2;36.3 clinoatacamite Cu2Cl(OH3)3 
37 180 10 300 37.1;37.2;37.3 atacamite Cu2Cl(OH3)3 
38 180 10 300 38.1;38.2;38.3 malachite Cu3(CO3)2(OH)2 
39 180 10 300 39.1;39.2;39.3 nantokite CuCl 
40 180 10 300 40.1;40.2;40.3 cuprite Cu2O 
41 180 8 60 41;42;41.3 clinoatacamite Cu2Cl(OH3)3 
42 180 8 60 42.1;42.2;42.3 atacamite Cu2Cl(OH3)3 
43 180 8 60 43.1;43.2;43.3 malachite Cu3(CO3)2(OH)2 
44 180 8 60 44.1;44.2;44.3 nantokite CuCl 
45 180 8 60 45.1;45.2;45.3 cuprite Cu2O 
46 230 8 300 46.1;46.2;46.3 clinoatacamite Cu2Cl(OH3)3 
47 230 8 300 47.1;47.2;47.3 atacamite Cu2Cl(OH3)3 
48 230 8 300 48.1;48.2;48.3 malachite Cu3(CO3)2(OH)2 
49 230 8 300 49.1;49.2;49.3 nantokite CuCl 
50 230 8 300 50.1;50.2;50.3 cuprite Cu2O 
51 230 10 60 51.1;51.2;51.3 clinoatacamite Cu2Cl(OH3)3 
52 230 10 60 52.1;52.2;52.3 atacamite Cu2Cl(OH3)3 
53 230 10 60 53.1;53.2;53.3 malachite Cu3(CO3)2(OH)2 
54 230 10 60 54.1;54.2;54.3 nantokite CuCl 
55 230 10 60 55.1;55.2;55.3 cuprite Cu2O 
56 230 10 300 56.1;56.2;56.3 clinoatacamite Cu2Cl(OH3)3 
57 230 10 300 57.1;57.2;57.3 atacamite Cu2Cl(OH3)3 
58 230 10 300 58.1;58.2;58.3 malachite Cu3(CO3)2(OH)2 
59 230 10 300 59.1;59.2;59.3 nantokite CuCl 
60 230 10 300 60.1;60.2;60.3 cuprite Cu2O 
 
Data collected on Cl- content in eluate at t = x (non-cumulative), sample composition 
and physical changes in the pellets were used to gain an overview of the impact of 
subcritical treatment on individual corrosion products and to select pH, time and 
temperature values for Series 2.  
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5.2.4 Experimental Series 2 – Subcritical treatment of individual 
pellets containing a single chloride-bearing corrosion product (see 
Chapter 6.2 Results) 
Pressed pellets were manufactured containing CuCl, atacamite or clinoatacamite. 
These were individually subjected to a single subcritical treatment. Two pH values (pH 
8 and 10) were tested at three temperatures (130, 180 and 230 °C) for one treatment 
time (480 minutes). Cl- (see Chapter 6.2.1) was monitored in the eluate at values of t 
= x (non-cumulative) and pellet surfaces and cross-sections were analysed by SEM-
EDS for Cl- content (see Chapter 6.2.2) and for compound transformation by XRD (see 
Chapter 6.2.3). Physical alteration was recorded visually and sample mass recorded 
before and after treatment (see Chapter 6.2.4). The order of experiments was 
randomised (Table 5.6) for statistical integrity to ensure an unbiased approach 
(Edgington and Onghena 2007).  
Table 5.6: Design of Experiment for Series 2 (tests randomised by corrosion product) 
Test ID Time (min) pH 
Temperature 
(°C) 
Compound name 
Compound 
formula 
1 480 8 180 atacamite Cu2Cl(OH3)3 
2 480 10 230 atacamite Cu2Cl(OH3)3 
3 480 8 180 atacamite Cu2Cl(OH3)3 
4 480 8 230 clinoatacamite Cu2Cl(OH3)3 
5 480 8 180 atacamite Cu2Cl(OH3)3 
6 480 10 130 clinoatacamite Cu2Cl(OH3)3 
7 480 10 230 atacamite Cu2Cl(OH3)3 
8 480 8 180 nantokite CuCl 
9 480 10 180 atacamite Cu2Cl(OH3)3 
10 480 8 130 nantokite CuCl 
11 480 10 130 atacamite Cu2Cl(OH3)3 
12 480 10 180 nantokite CuCl 
13 480 8 180 clinoatacamite Cu2Cl(OH3)3 
14 480 10 180 nantokite CuCl 
15 480 10 130 nantokite CuCl 
16 480 10 180 clinoatacamite Cu2Cl(OH3)3 
17 480 10 180 atacamite Cu2Cl(OH3)3 
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18 480 10 130 clinoatacamite Cu2Cl(OH3)3 
19 480 8 230 nantokite CuCl 
20 480 10 230 clinoatacamite Cu2Cl(OH3)3 
21 480 8 180 nantokite CuCl 
22 480 8 130 nantokite CuCl 
23 480 10 130 clinoatacamite Cu2Cl(OH3)3 
24 480 8 230 clinoatacamite Cu2Cl(OH3)3 
25 480 8 130 atacamite Cu2Cl(OH3)3 
26 480 10 130 nantokite CuCl 
27 480 10 130 atacamite Cu2Cl(OH3)3 
28 480 8 130 clinoatacamite Cu2Cl(OH3)3 
29 480 10 230 nantokite CuCl 
30 480 10 230 atacamite Cu2Cl(OH3)3 
31 480 8 230 atacamite Cu2Cl(OH3)3 
32 480 8 230 atacamite Cu2Cl(OH3)3 
33 480 10 180 clinoatacamite Cu2Cl(OH3)3 
34 480 10 230 clinoatacamite Cu2Cl(OH3)3 
35 480 10 230 clinoatacamite Cu2Cl(OH3)3 
36 480 8 230 nantokite CuCl 
37 480 8 230 atacamite Cu2Cl(OH3)3 
38 480 8 130 atacamite Cu2Cl(OH3)3 
39 480 8 130 clinoatacamite Cu2Cl(OH3)3 
40 480 8 130 clinoatacamite Cu2Cl(OH3)3 
41 480 8 230 clinoatacamite Cu2Cl(OH3)3 
42 480 10 180 clinoatacamite Cu2Cl(OH3)3 
43 480 10 130 nantokite CuCl 
44 480 10 230 nantokite CuCl 
45 480 8 130 nantokite CuCl 
46 480 10 130 atacamite CuCl 
47 480 8 180 nantokite CuCl 
48 480 10 180 atacamite Cu2Cl(OH3)3 
49 480 8 180 clinoatacamite Cu2Cl(OH3)3 
50 480 8 230 nantokite CuCl 
51 480 10 230 nantokite CuCl 
52 480 8 180 clinoatacamite Cu2Cl(OH3)3 
53 480 10 180 nantokite CuCl 
54 480 8 130 atacamite CuCl 
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5.2.5 Series 3 – Treatment of corroded copper alloy analogues and 
archaeological objects (see Chapter 6.3. Results) 
Analogues were produced by natural corrosion of copper coupons (NC1-6) in a 
brackish environment and subjected to subcritical treatment (Table 5.7). Cl-  removal 
and rate was monitored in eluate (see Chapter 6.3.1) at t = x (non-cumulative), 
aesthetic effect/impact on colour assessed (see Chapter 6.3.2) and the elemental 
composition of the corrosion products analysed by SEM-EDS pre- and post-treatment 
(see Chapter 6.3.3). Archaeological object samples (A1-A9) and sections (AS1-6) 
were treated similarly. Two pH values (pH 8 and 10) were tested at three temperatures 
(130, 180 and 230 °C) for one treatment time (480 minutes). The outcomes allow 
comparison between subcritical treatment of individual corrosion products (Series 1 
and 2) and complex corrosion product layers formed in natural environments. Artefacts 
A1-A9 were treated either in batches or individually at 230 °C and pH 8. These 
consisted of unprovenanced artefacts and fragments collected by private metal 
detectorists. One large fragment was selected (AS) for further testing with all the 
parameters and was sectioned to accommodate the factor and level combinations 
(AS1-6). Other specimens (A1-9) were selected for testing per their physical 
characteristics and grouped into three sub-groups: The artefacts in the patina group  
(A1-3) were selected based on a consistent and aesthetically pleasing patina, the 
artefacts in the microstructure group (A4-6) were selected based on defects and 
inconsistencies (specifically microcracking) visible in x-radiographs collected of the 
artefacts and  the artefacts in the pitting/bronze disease group (A7-9) were selected 
based on visual identification of powdery corrosion products in pits thought to 
represent Bronze Disease (Table 5.7).  A1-3 and A4-6 were run in batches per their 
grouping, whilst A7-9 were run individually. 
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Table 5.7: Design of Experiment for Series 3 
Test 
ID 
Time 
(min) 
Sample 
ID 
pH 
Temperature 
(°C) 
 
Image  
 
X-radiograph 
(if applicable) 
1 480 NC 1 8 130 
 
 
 
n/a 
2 480 NC 2 8 180 n/a n/a 
3 480 NC 3 8 230 
 
 
 
n/a 
4 480 NC 4 10 130 n/a n/a 
5 480 NC 5 10 180 
 
 
 
n/a 
6 480 NC 6 10 230 
 
 
 
n/a 
7 480 AS1 8 130 
 
 
 
n/a 
8 480 AS2 10 130 
 
 
 
n/a 
9 480 AS3 8 180 
 
 
 
n/a 
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10 480 AS4 10 180 
 
 
 
n/a 
11 480 AS5 8 230 
 
 
 
n/a 
12 480 AS6 10 230 
 
 
 
n/a 
13 480 
A1, A2, 
A3 
(Batch) 
8 230 
 
 
 
 
 
 
14 480 
A4, A5, 
A6 
(Batch) 
8 230 
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15 480 A7 8 230 
  
16 480 A8 8 230 
  
17 
480 A9 8 230 
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5.3 Sample Production and Preparation  
5.3.1. Corrosion Product synthesis – Series 1 and 2 
 
Cu2O (97% purity) from Acros Organics, Cu2(CO3)(OH)2  (reagent grade with < 
0.001% chlorine) from J.T.Baker, and CuCl ( 99% purity) from Alfa Aesar, were 
purchased as  powdered laboratory standards. Atacamite and clinoatacamite were 
synthesised according to Sharkey and Lewin, (1971). Cu2(OH)3Cl (atacamite) 
synthesis involved placing 1.0 g of calcium carbonate, CaCO3 (reagent grade 
S25220A Fisher Scientific) in 1000 ml of 1.0 M CuCl2 solution and gently stirring in an 
Erlenmeyer flask for 4 h. The precipitate was separated by centrifuging and dried over 
48 hours in a desiccator to avoid transformation into clinoatacamite at elevated 
temperatures. Cu2(OH)3Cl (clinoatacamite) was synthesised by dripping 100 mL of 
1.0 M NaOH (Macron Chemicals, ACS reagent grade) (aq) into 100 mL of 1.0 M CuCl2 
accompanied by vigorous stirring in an Erlenmeyer flask. Once all of the NaOH was 
used up, the mixture was decanted, centrifuged and the resulting solid oven dried at 
60°C for 16 h then manually ground into a fine powder in a mortar and pestle. Due to 
considerable amounts of a NaCl impurity found in pellets formed in Series 1 samples 
of clinoatacamite, a rinsing step was added to the protocol in Series 2, to modify the 
original Sharkey and Lewin recipe of 1971. Rinsing was completed in 50mL centrifuge 
vials. The initial solution formed in the process was centrifuged twice, and the 
supernatant was decanted as waste. Deionised water was added to 45 mL mark of 
each vial, followed by manual agitation of the deposit, to ensure thorough mixing prior 
to re-centrifugation. 14 sequences of centrifuging were carried out for each batch of 
clinoatacamite, with the water replaced every 2 sequences (7 changes in total). The 
rinsed product was then dried in a desiccator fitted with a hygrometer using silica gel, 
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to maintain relative humidity below 20%RH at all times. The yield according to Sharkey 
and Lewin was to be approximately 7 g. After rinsing however, the total mass of dried 
product from each synthesis was determined to be between 0.12 and 0.49 g likely due 
to incomplete reaction. Similarly, the atacamite underwent rinsing after synthesis. XRD 
analysis revealed no impurities, and the vacuum filtering method with 5 mL of 
deionised water was applied three times over the synthesised product using a Buchner 
funnel.  
5.3.2. Pellet production- Series 1 and 2 
The resulting solid from synthesis was oven dried at 60°C for 16 h followed by manual 
grinding into a fine powder in a mortar and pestle and weighed. Upon returning the 
powder to the mortar, the binder compound was added to the required ratio (Tables 
5.8 and 5.9), and further grinding carried out for 5 minutes to establish an even mixture. 
The same procedure of weighing and grinding was carried out with purchased 
compounds. A PIKE Technologies CrushIR 10 Ton 13 mm hydraulic press was used 
to produce pellets of Cu2O, Cu2(CO3)(OH)2, CuCl, Cu2(OH)3Cl (atacamite and 
clinoatacamite) using additives to provide cohesiveness. CaCO3 was used to bind 
CuCl and atacamite in Series 1. The pressed pellets were stored in a desiccator at 
RH˂20%. The CaCO3 binder was tested for binding Cu2O, but alone was insufficient 
to provide cohesion in pellets. Addition of PEG MW3350 produced pellets of 
satisfactory cohesion determined by their mechanical integrity as the ability to handle 
without breakage. For Cu2O both PEG 3350 and CaCO3 binders were used in weight 
ratios of 4 – (Cu2O): 2 – (CaCO3): 1 – PEG MW3350. For (Cu2(CO3)(OH)2) PEG 3350 
alone was sufficient, and was used in weight ratio of 2 – (Cu2(CO3)(OH)2) : 1- (PEG 
3350).  The ratio of CuCl:CaCO3 was 1:1 by mass and the mass range of the pellets 
was 0.79 g to 0.80g. Similarly, a ratio of 1:1 by mass of atacamite:CaCO3 was used 
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to form the pellets and the mass range of the pellets was 0.59g to 0.60g. The mass of 
clinoatacamite used to form the pellets ranged from 0.79g to 0.80g. No binder was 
required for the formation of the clinoatacamite pellets and was therefore not utilised 
in Series 1 of testing (Table 5.8).  
The pure powders and powder:binder mixtures were pressed three times in the 10 Ton 
press to produce pellets of 1.5 mm +/- 10% in thickness. The mass of powders and 
pressed pellets was determined on a Denver Instruments analytical balance (readable 
to 5 d.p.) and logged.  
Table 5.8: Composition and chloride content of pellets in sample set in Series 1 
Compound in pellet CaCO3 PEG3350 
Mass Pellet 
(g) Moles Cl 
Mass Cl 
(g) 
Cu Cl 1 1 0 0.8 0.004 0.142 
Cu2O 4 2 1 0.5 N/A N/A 
Atacamite 1 1 0 0.6 0.0014 0.0498 
Clinoatacamite 1 0 0 0.8 0.0038 0.1330 
Malachite 2 0 1 0.5 N/A N/A 
 
In Series 2 the protocol was further standardised where pellet weights were 
determined by the molar concentration of chlorine in each. These were calculated as 
0.002 mol of chlorine in each pellet produced (Table 5.9).  
Table 5.9: Composition and chloride content of pellets in sample set in Series 2 
Compound in pellet CaCO3 PEG3350 Mass Pellet Moles Cl Mass Cl g 
CuCl 1 1 0 0.4 0.002 0.071 
Atacamite 1 1 0 0.8 0.002 0.071 
Clinoatacamite 1 1 0 0.8 0.002 0.071 
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5.3.3 Series 3 – corroded coupons (NC1-6) 
 
In preparation for Series 3 (NC Series – Naturally Corroded – Table 5.7), 99% purity 
copper coupons were placed at the tideline of a drydock adjacent to the Warren Lasch 
Conservation Center for a total of 32 months (July 2013 to May 2016), allowing for 
natural corrosion to occur over time (Figures 5.7 – 5.9 and Tables 5.10 and 5.11). 
 
Figure 5.7: Location of Warren Lasch Conservation Center, North Charleston, South Carolina, USA  
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Figure 5.8: Location of Warren Lasch Conservation Center, North Charleston, SC  
 
 
Figure 5.9: Location of the drydock adjacent to the WLCC, within which the NC coupons were 
submerged  
 
73 
 
Table 5.10: Climate data for Charleston, South Carolina 1981–2010 (Source: NOAA.gov (relative 
humidity (RH%) 1961–1990)) 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Average 
high(°C) 
 
15 
 
17.1 
 
20.9 
 
24.7 
 
28.4 
 
31.3 
 
32.8 
 
31.9 
 
29.3 
 
25.1 
 
21 
 
16.4 
 
24.5 
Average 
low (°C) 
 
3.1 
 
4.8 
 
8.2 
 
11.8 
 
16.6 
 
20.9 
 
22.8 
 
22.4 
 
19.6 
 
13.8 
 
8.6 
 
4.5 
 
13.1 
Average 
RH (%) 
69.8 67.4 68.1 67.5 72.5 75.1 76.6 78.9 78.2 74.1 72.7 71.6 72.7 
 
Table 5.11: Temperature, dissolved oxygen and salinity data recorded for the Cooper River within 
which the NC coupons were submerged (Source: USGS.gov) 
USGS Site: 021720677 – Cooper River, Filbin Creek, North Charleston, SC 
Recording period: 2015-01-01 – 2015-12-31 
Maximum Temperature (°C) 30.7 
Minimum Temperature (°C) 9.2 
Maximum Dissolved Oxygen (mg/L) 10.8 
Minimum Dissolved Oxygen (mg/L) 3.8 
Maximum Salinity (mg/L) No data available 
Minimum Salinity (mg/L) No data available 
 
Once recovered, the samples were airdried and excessive accumulation of marine 
fauna and flora gently removed mechanically with scalpels and brushes. Two coupons 
were then further sectioned into four 20 mm2 subsamples. Two of these were controls, 
and the other six were treated under the three different temperatures and two pH 
variables (Table 5.7). The samples were X-radiographed, photographed, and weighed 
before and after treatment. 
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5.3.4 Series 3 – Artefacts (AS1-6 and A1-9) 
The large decontextualised artefact fragment used for testing in Experiments AS1 
through AS6 was X-radiographed, photographed, and weighed. The artefact also 
underwent initial SEM-EDS analysis prior to sectioning (Figure 5.10). 
 
Figure 5.10: Artefact AS – prior to sectioning for subcritical treatment testing 
 
Microsectioning was then carried out using an IsoMet™ Low Speed Saw fitted with a 
Series 15HC No.11-4244 Diamond wafering blade (dimensions 102 mm D x 0.3 mm 
T) with a cutting speed of 9 rpm and Stoddard’s solution lubricant.  
A control, and six test sections of equal sizes (15 mm ± 0.5) to produce 7 segments 
for three temperatures, two pH values and one control (Table 5.7) were produced. 
The individual sections, as well as complete artefacts/fragments A1-9 (Table 5.7) were 
also X-radiographed, photographed, and weighed. The samples also underwent SEM-
EDS, prior to and after subcritical testing.   
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5.4 Subcritical Testing Protocol 
5.4.1 Preparation of Subcritical system apparatus and components 
Prior to use, the treatment cells required interior surface preparation in the subcritical 
reactor, with NaOH at pH 13.5 (0.5 wt% in deionised water), at 180 °C for 24 h, at a 
constant flow of 2.0 ml/min. This procedure formed a continuous oxide layer over the 
interior surface of the cell to inhibit any effect from the corrosion products to be treated, 
and specifically the chlorides to be released into solution. The system was checked 
weekly for leakages, failures, and the filter element (40 µm strainer type stainless steel 
filter element SS-4F-K4-40 from Swagelok) was changed to minimise blockages and 
contamination. Thorough rinsing with deionised water before and after each run was 
carried out for a minimum of 15 minutes. Laboratory grade Na2CO3 (0.01% w/w – for 
pH10 variable) and NaHCO3 (0.00193% w/w for pH 8 variable) treatment solutions 
were prepared daily in batches of approximately 4,000 mL using deionised water 
followed by degassing in an ultrasonic bath for a minimum of 10 minutes and pH 
determination of the solution using a Thermo Scientific Orion™ PerpHecT™ ROSS™ 
Combination pH Micro Electrode. Samples were placed in the reactor cell, the cell 
closed and the fluid flow path primed to flush any air out of the system, which was then 
pressurised to 690 and 720 psi (47.6 – 49.6 bar) and the cell was introduced into the 
fluidised bath at the set temperature (130 °C, 180 °C or 230 °C), and the flow 
stabilised. Solution flow rate was arbitrarily chosen as 5.0 mL/min for the 40 mL cell, 
and 1.5 mL/min for the 12 mL cell in Series 1 to replace the cell volume every 8 
minutes. In Series 2 and 3 the flow rate was adjusted to 2.0 mL/minute with a full 
exchange rate of 6 minutes. For the latter runs of Series 3 using the 600 mL (*adjusted 
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to 150 mL with displacement blocks) where a flow rate of 11.7 mL/min exchanged the 
solution volume every 12.8 minutes (Table 5.12).  
Table 5.12: Full volume exchange rates with the cells and flow rates used for all Series (incl. details for 
sample collection times)  
Series Cell size (mL) Test Setting Flow Rate (mL/min) Full volume exchange time (min) 
1 40 Run 5 8 
1 40 Sampling 15 2.7 
1 12 Run 1.5 7.5 
2 12 Run 2 6 
3 12 Run 2 6 
1, 2 and 3 12 Sampling 15 0.8 
3 600 Run 11.7 12.8 
3 600/150* Sampling 15 10 
 
5.4.2 Eluate sampling protocol 
Cl- release was not measured cumulatively or continually, but was sampled at the exit 
of the reactor at t = x. In Series 1 two time-sets were tested, 60 minutes and 300 
minutes, with the former sampled at 15-minute intervals and the latter at 60-minute 
intervals. Series 2 employed test time termini of 480 minutes with uneven sampling 
times. For the 480-minute tests in Series 2, sampling was carried out at 15-minute 
intervals for the first 60 minutes, then at 120-minutes, followed by a collection at 300 
minutes and 480 minutes (Figure 5.11). 
 
Figure 5.11: Schematic diagram of duration and sampling schedule (minutes) for experiments in 
Series 2 through 3  
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At the time of eluate sample collection, the flow was increased to 15 mL/min, resulting 
in a total volume exchange rate of 0.8 minutes in the 12 mL cell, 2.7 minutes for the 
40 mL cell and 10 minutes for the 150 mL adjusted volume (600 mL total capacity) cell 
(Table 5.12). The 5 mL eluate sample was therefore collected in 20 seconds. At the 
set running rate the sample collection would have spanned over a period of 2.5 
minutes for Series 2 and most of Series 3. This was important to obtain a precise Cl- 
content reading in the cell eluate at the sample collection time, t = x, particularly where 
sampling intervals were short during the first 60 minutes of treatment.   
Upon completion of the test, the cell was extracted from the fluidised bath and the 
high-pressure cell cooled down by dousing the outside with cold deionised water. The 
flow of eluent was allowed to continue throughout the cooling process. Once the cell 
reached room temperature, a brief rinsing cycle with deionised water as the eluent at 
a flow of 2.0 mL/min ran for a minimum of 15 minutes was carried out. The high-
pressure pump was turned off and the cell opened to retrieve the samples which were 
then placed on a glass slide and dried in an oven at 60°C for 20 minutes followed by 
storage at RH˂20%. 
5.5 Assessment, Analysis and Characterisation Protocol 
5.5.1. Chloride Extraction Quantification (see Chapter 6.1.1, 6.2.1 and 
6.3.1) 
Eluate samples were collected at t = x in 5 mL glass vials with phenolic caps and their 
pH measured using Thermo Scientific Orion™ PerpHecT™ ROSS™ Combination pH 
Micro Electrode. To neutralise the eluate samples prior to Cl- quantification, 
approximately 5 – 6 g of solution was fed into a neutralisation vial fitted with a magnetic 
stirrer and drops of nitric acid (HNO3 68-70% as purchased from Alfa Aesar, as well 
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as dilutions to 35%, 12.5% and 6.25%) added as needed to reach a pH range of 5.0 
– 7.0. The weight change during neutralisation was recorded and dilution factor 
calculated and logged. The initial Cl- concentrations were measured using Hach 
Quantab™ titrator strips (low range 30-600 ppm Cl- or high range 300-6000 ppm Cl-, 
accuracy ±10%). Low levels of Cl- concentration were measured by ion 
chromatography (IC) with detection limit of 10 ppb. Samples were diluted by weight 
and placed into Thermo Scientific 5 mL PolyVials with filter caps using a 1 mL syringe 
and 0.45 μm Nalgene Syringe Filters with PTFE membrane. Cl- concentrations in 
eluate samples collected were measured using a Thermo Scientific Dionex ICS-1100 
ion chromatography system equipped with an Ionpac® AS9-HC analytical column and 
coupled with a Dionex AS40 Automated Sampler. Spectra were analysed using a two- 
point calibration with the Dionex Chromeleon® 7.0 software. There was no technique 
for cumulative calculation of the amount of chloride extracted. Only the level of chloride 
extraction at time t = x was measured.  
5.5.2 Sample mass monitoring (see Chapter 6.2.4)   
All samples were weighed before and after treatment using a Denver Instruments 
analytical balance P1-225D 60-220g, d=0.01/0.1mg.  
5.5.3 Photographic imaging (see Chapter 6.1.2 and 6.3.2) 
Digital colour photography was carried out using a Fujifilm S5 Pro digital camera with 
a Nikon AF Nikkor 24-58 mm 1:2.8-4D lens. All samples were photographed before 
and after treatment. Where appropriate, microphotography was carried out on a Leica 
Mz95 microscope fitted with Leica DFC 450 camera attachment and processed with 
Leica Application Suite V4. Photographs included a colour- and photomacrographic 
scale to gauge treatment effects on colouration and dimension. 
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5.5.4 Scanning Electron Microscopy (see Chapter 6.2.2 and 6.3.3) 
Quantitative and qualitative elemental compositions were determined in selected 
samples by an Oxford INCAx-act analytical silicon drift energy dispersive spectrometer 
(EDS) fitted onto a Hitachi S-3700N Ultra Large VP-SEM variable pressure scanning 
electron microscope, with a detection limit of 0.01 wt%. The method was imperative in 
quantitatively mapping chlorine and copper in various areas of the pellets tested. Data 
collected was analysed with the INCAEnergy software interface.  
5.5.5 X-Ray Diffraction (see Chapter 6.1.3 and 6.2.3) 
X-ray diffraction analysis was used as a complementary means of identifying and 
differentiating between phases or polymorphs of corrosion products such as atacamite 
and clinoatacamite.  
Diffraction data for the Series 2 set were collected on a D2 PHASER diffractometer 
(Bruker) using cobalt (Co) radiation (30 kV, 10 mA) with 0.6 mm divergence slit, 2.5 
degree axial soller slits, air scatter screen, nickel K-beta filter, and LYNXEYE detector.  
Diffractograms were taken in continuous scanning mode from 10-70 degrees 2 Theta 
with 0.02 degree increments. Phase identification and semi-quantitative analysis 
(reference intensity ration [RIR]) were conducted using the DIFFRAC.EVA software 
package in conjunction with ICDD PDF-2 and COD databases. Samples in this series 
were analysed at Mud Geochemical (Austin, Texas, USA). Phase quantification via 
RIR has been shown to be accurate to within +/- 3 wt%. Errors of ~5-10 wt% are 
commonly seen due to variation in sample preparation and database reference values. 
Selected pellet samples from Series 1 were collected by Bruker AXS, Inc. using a D8 
ADVANCE diffractometer with copper (Cu) radiation (40 kV, 40 mA) with similar optics 
and LYNXEYE XE-T (energy discriminating) detector. Scans were completed at 10-
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70 degrees, 0.02 step. 0.1 sec/step. The samples in Series 2 were analysed at Mud 
Geochemical (based in Austin, Texas, USA) with a D2 Series™ (Bruker) desktop unit 
with 0.6mm divergence slit and the 3mm air scatter screen. Due to strong diffraction 
tendencies of the samples, the 0.5 Ni beta filter was used.  
5.6 Sample Preparation for Characterisation 
5.6.1 SEM-EDS and XRD 
The samples were retrieved from the reactor cell and dried in a desiccator at <20 RH%. 
For cross-section analysis the pellets were sectioned vertically using a #15 scalpel 
across the center of each pellet and mounted on a dedicated mount, on which one half 
was examined in cross-section and the other on its flat face. Friability and delamination 
of the treated clinoatacamite pellets in Series 2, prevented cross-sectioning. SEM-
EDS analysis examined only their delaminated components. 
Diffraction samples in Series 1 and 2 were placed in sealable glass vials and packed 
with silica gel to prevent any further transformation during shipping for analysis. At the 
analytical facility, the pellets were ground to a homogenous powder and spread in a 
thin layer on the low-background silicon wafer mount with some ethanol. 
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6. RESULTS  
6.1 Experimental Series 1: Pilot studies  
6.1.1 Chloride Extraction  
The focus of this study was to gauge the ability of subcritical fluids to extract Cl- ions from Cl- 
-bearing corrosion products clinoatacamite, atacamite and CuCl. Cl- concentration (ppm) 
(blue) and pH (red) measured in the eluate samples collected at t = x in Series 1. All Cl-  
measurements are displayed as independent measurements at time = x. The results show 
that Cl- is released at all parameters, and that temperature has a clear effect on the quantity 
released. No treatment was able to go to completion (no further Cl- detected in eluate 
samples) with the parameters employed and within the maximum timeframe of 300 minutes. 
Clinoatacamite displays very different behaviour from atacamite due to NaCl impurity.  
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Table 6.1.1: Chloride and pH quantification in eluate samples collected from tests carried out on samples of 
CuCl at 130 °C, pH 8 and 10 for 60 and 300 minutes 
 
CuCl - Test 4: pH 8, 130 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 33 889 2359 1590 1095 1 
Eluate pH 6.96 5.58 5.3 5.31 5.42 7.65 
CuCl - Test 11: pH 8, 130 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 27 2247 1177 756 174 134 n/a 
Eluate pH 7.44 5.51 5.62 5.39 5.52 5.69 n/a 
 
CuCl - Test 18: pH 10, 130 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 81 1048 1799 1341 1126 1 
Eluate pH 7.97 5.37 5.46 5.61 5.62 8.31 
CuCl - Test 25: pH 10, 130 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 72 2085 98 270 219 113 1 
Eluate pH 9.1 5.29 5.41 5.4 5.63 7.79 8.31 
 
 
 
A B  
Figure 6.1.1: Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl at 130 °C 
and pH 8 (A) and 10 (B) for 60 and 300 minutes 
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Table 6.1.2: Chloride and pH quantification in eluate samples collected from tests carried out on CuCl at 180 
°C, pH 8 and 10 for 60 and 300 minutes 
CuCl - Test 32: pH 8, 180 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 184 3270 3186 2495 1372 1 
Eluate pH 5.39 5.4 5.26 5.16 5.31 7.65 
CuCl - Test 39: pH 8, 180 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 22 2278 408 166 124 117 3 
Eluate pH 6.44 5.42 5.52 5.53 5.54 5.52 7.64 
 
CuCl - Test 46: pH 10, 180 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 41 4695 2614 1914 1599 1 
Eluate pH 7.98 5.53 5.25 5.32 5.31 8.35 
CuCl - Test 53: pH 10, 180 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 59 948 522 245 186 205 1 
Eluate pH 7.99 5.32 5.48 5.41 5.37 5.47 8.35 
 
   
A       B 
Figure 6.1.2: Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl at 180 °C 
and pH 8 (A) and 10 (B) for 60 and 300 minutes 
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Table 6.1.3: Chloride and pH quantification in eluate samples collected from tests carried out on samples of 
CuCl at 230 °C, pH 8 and 10 for 60 and 300 minutes  
 
CuCl - Test 60: pH 8, 230 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 110 2356 3559 1150 378 n/a 
Eluate pH 6.36 5.32 5.29 5.51 5.75 n/a 
CuCl - Test 67: pH 8, 230 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 83 655 192 202 233 203 n/a 
Eluate pH 5.68 5.26 5.43 5.82 5.51 5.86 n/a 
 
CuCl - Test 74: pH 10, 230 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 319 3954 6292 2618 893 0 
Eluate pH 8.18 5.46 4.98 5.01 5.25 9.67 
CuCl - Test 81: pH 10, 230 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 118 463 268 258 242 230 1 
Eluate pH 8.09 5.53 5.67 5.51 5.39 5.62 8.39 
    
A       B 
 
Figure 6.1.3: Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl at 230 °C 
and pH 8 (A) and 10 (B) for 60 and 300 minutes 
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Table 6.1.4: Chloride and pH quantification in eluate samples collected from tests carried out on samples of 
atacamite at 130 °C and pH 8 and 10 for 60 and 300 minutes  
 
Atacamite - Test 2: pH 8, 130 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 5 315 214 85 69 0 
Eluate pH 6.18 6.78 7.14 7.06 7.22 7.83 
Atacamite - Test 9: pH 8, 130 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 53 104 81 75 63 59 0 
Eluate pH 6.81 6.39 7.29 7.11 7.1 7.05 7.83 
 
Atacamite - Test 16: pH 10, 130 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 42 256 172 58 53 n/a 
Eluate pH 8.31 8.1 8.12 8.2 8.22 n/a 
Atacamite - Test 23: pH 10, 130 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 26 60 50 n/a 41 39 0 
Eluate pH 8.66 8.83 8.27 8.48 8.26 8.31 10.3 
 
   
A       B 
 
Figure 6.1.4: Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite at 130 
°C and pH 8 (A) and 10 (B) for 60 and 300 minutes 
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Table 6.1.5: Chloride and pH quantification in eluate samples collected from tests carried out on samples of 
atacamite at 180 °C and pH 8 and 10 for 60 and 300 minutes  
 
Atacamite - Test 30: pH 8, 180 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 34 378 313 316 257 0 
Eluate pH 6.72 6.42 6.36 6.38 6.75 7.82 
Atacamite - Test 37: pH 8, 180 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 26 596 344 202 152 112 1 
Eluate pH 6.73 7.09 7.2 7.29 7.08 7.24 7.82 
 
Atacamite - Test 44: pH 10, 180 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 92 291 145 220 137 n/a 
Eluate pH 8.3 7.99 8.23 8.16 8.19 n/a 
Atacamite - Test 51: pH 10, 180 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 5 41 237 188 171 145 1 
Eluate pH 10.02 8.39 7.81 7.4 7.85 7.86 9.91 
 
   
A       B 
 
Figure 6.1.5: Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite at 180 
°C and pH 8 (A) and 10 (B) for 60 and 300 minutes 
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Table 6.1.6: Chloride and pH quantification in eluate samples collected from tests carried out on samples of 
atacamite at 230 °C, pH 8 and 10 for 60 and 300 minutes  
 
Atacamite - Test 58: pH 8, 230 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 44 2213 1192 674 409 n/a 
Eluate pH 6.74 5.15 5.73 5.45 5.43 7.82 
Atacamite - Test 65: pH 8, 230 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 34 1119 485 34 3 1 0 
Eluate pH 7.57 6.89 7.16 7.15 7.67 7.49 7.73 
 
Atacamite - Test 72: pH 10, 230 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 61 643 945 678 517 1 
Eluate pH 8.34 7.59 7.2 7.21 7.34 9.17 
Atacamite - Test 79: pH 10, 230 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 142 960 342 58 11 5 1 
Eluate pH 9.1 5.78 7.13 8.05 9.27 9.17 9.91 
 
   
A       B 
 
Figure 6.1.6: Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite at 230 
°C, pH 8 (A) and 10 (B) for 60 and 300 minutes 
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Table 6.1.7: Chloride and pH quantification in eluate samples collected from tests carried out on 
clinoatacamite at 130 °C, pH 8 and 10 for 60 and 300 minutes  
Clinoatacamite - Test 1: pH 8, 130 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 278 1430 1530 682 410 n/a 
Eluate pH 5.34 4.75 4.71 5 5.17 n/a 
Clinoatacamite - Test 8: pH 8, 130 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 85 585 221 205 133 83 0 
Eluate pH 6.22 4.85 5.42 5.23 5.3 5.61 8.78 
 
Clinoatacamite - Test 15: pH 10, 130 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 250 807 334 180 128 0 
Eluate pH 5.43 5.08 5.27 5.83 5.9 8.55 
Clinoatacamite - Test 22: pH 10, 130 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 550 154 73 25 18 16 0 
Eluate pH 5.26 5.65 6.24 8.49 8.45 8.66 8.55 
 
 
   
A       B 
 
Figure 6.1.7: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite at 
130 °C, pH 8 and 10 for 60 and 300 minutes 
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Table 6.1.8: Chloride and pH quantification in eluate samples collected from tests carried out on 
clinoatacamite at 180 °C, pH 8 and 10 for 60 and 300 minutes  
Clinoatacamite - Test 29: pH 8, 180 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 16 1228 1078 368 266 n/a 
Eluate pH 6.53 4.84 3.91 4.92 5.46 n/a 
Clinoatacamite - Test 36: pH 8, 180 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 38 459 126 104 99 88 0 
Eluate pH 6.41 3.96 5.6 5.65 5.72 5.76 7.97 
 
Clinoatacamite - Test 43: pH 10, 180 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 591 1259 1200 1165 360 n/a 
Eluate pH 5.14 4.91 4.82 4.81 5.12 n/a 
Clinoatacamite - Test 50: pH 10, 180 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 590 757 207 169 153 109 n/a 
Eluate pH 5.08 3.79 5.67 5.62 5.56 5.66 n/a 
 
 
   
A       B 
 
Figure 6.1.8: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite at 
180 °C, pH 8 and 10 for 60 and 300 minutes 
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Table 6.1.9: Chloride and pH quantification in eluate samples collected from tests carried out on 
clinoatacamite at 230 °C, pH 8 and 10 for 60 and 300 minutes  
Clinoatacamite - Test 57: pH 8, 230 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 282 2837 717 213 156 4 
Eluate pH 5.21 3.63 3.64 5.49 5.6 7.94 
Clinoatacamite - Test 64: pH 8, 230 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 183 313 188 173 156 164 0 
Eluate pH 5.43 4.02 5.57 5.52 5.52 5.55 7.76 
 
Clinoatacamite - Test 71: pH 10, 230 °C 
Time (min) 0 15 30 45 60 Control 
Cl- (ppm) 243 1706 1721 402 253 0 
Eluate pH 7.93 5.18 3.5 5.15 5.43 8.47 
Clinoatacamite - Test 78: pH 10, 230 °C 
Time (min) 0 60 120 180 240 300 Control 
Cl- (ppm) 5.42 311 183 108 78 69 0 
Eluate pH 5.43 4.84 5.72 6.29 6.62 7.22 8.47 
 
 
 
 
 
   
A       B 
 
Figure 6.1.9: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite at 
230 °C, pH 8 (A) and 10 (B) for 60 and 300 minutes 
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6.1.2 Aesthetic effect/Impact on colour 
The five corrosion products subjected to testing in Series 1 were studied for impact on colour 
in order to determine effect of the subcritical parameters on aesthetic characteristics of the 
samples. Colour changes were noted in all, with greater variation witnessed with increasing 
temperature, pH and time.  
Table 6.1.10: Colour change observed in CuCl at 130 °C, pH 8 and 10 with 60 and 300 minutes of treatment 
pH 
Temperature 
(°C) 
Time 
(min) 
Image 
Control pellet (untreated) 
 
8 130 60 
 
8 130 300 
 
10 130 60 
 
10 130 300 
 
Table 6.1.11: Colour change observed in CuCl at 180 °C, pH 8 and 10 with 60 and 300 minutes of treatment 
pH 
Temperature 
(°C) 
Time 
(min) 
Image 
Control pellet (untreated) 
 
8 180 60 
 
8 180 300 
 
10 180 60 
 
10 180 300 
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Table 6.1.12: Colour change observed in CuCl at 230 °C, pH 8 and 10 with 60 and 300 minutes of treatment 
 
pH 
Temperature 
(°C) 
Time 
(min) Image 
Control pellet (untreated) 
 
8 230 60 
 
8 230 300 
 
10 230 60 
 
10 230 300 
 
 
Table 6.1.13: Colour change observed in atacamite at 130 °C, pH 8 and 10 with 60 and 300 minutes of treatment 
 
pH Temperature (°C) Time (min) Image 
Control pellet (untreated) 
 
8 130 60 
 
8 130 300 
 
10 130 60 
 
10 130 300 
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Table 6.1.14: Colour change observed in atacamite at 180 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH Temperature Time (min) Image 
Control pellet (untreated) 
 
8 180 60 
 
8 180 300 
 
10 180 60 
 
10 180 300 
 
 
Table 6.1.15: Colour change observed in atacamite at 230 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH 
Temperature 
(°C) 
Time (min) Image 
Control pellet (untreated) 
 
8 230 60 
 
8 230 300 
 
10 230 60 
 
10 230 300 
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Table 6.1.16: Colour change observed in clinoatacamite at 130 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH Temperature (°C) Time (min) Image 
Control Pellet (untreated) 
 
8 130 60 
 
8 130 300 
 
10 130 60 
 
10 130 300 
 
 
Table 6.1.17: Colour change observed in clinoatacamite at 180 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH 
Temperature 
(°C) 
Time (min) Image 
Control Pellet (untreated) 
 
8 180 60 
 
8 180 300 
 
10 180 60 
 
10 180 300 
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Table 6.1.18: Colour change observed in clinoatacamite at 230 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH 
Temperature 
(°C) 
Time (min) Image 
Control Pellet (untreated) 
 
8 230 60 
 
8 230 300 
 
10 230 60 
 
10 230 300 
 
 
Table 6.1.19: Colour change observed in cuprite at 130 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH 
Temperature 
(°C) 
Time 
(min) 
Image 
Control Pellet (untreated) 
 
8 130 60 
 
8 130 300 
 
10 130 60 
 
10 130 300 
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Table 6.1.20: Colour change observed in cuprite at 180 °C, pH 8 and 10 with 60 and 300 minutes of treatment 
pH 
Temperature 
(°C) 
Time 
(min) Image 
Control Pellet (untreated) 
 
8 180 60 
 
8 180 300 N/A 
10 180 60 
 
10 180 300 
  
Table 6.1.21: Colour change observed in cuprite at 230 °C, pH 8 and 10 with 60 and 300 minutes of treatment 
pH Temperature (°C) 
Time 
(min) Image 
Control Pellet (untreated) 
 
8 230 60 
 
8 230 300 
 
10 230 60 
 
10 230 300 
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Table 6.1.22: Colour change observed in malachite at 130 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH 
Temperature 
(°C) 
Time (min) Image 
Control Pellet (untreated) 
 
8 130 60 
 
8 130 300 
 
10 130 60 
 
10 130 300 
 
 
Table 6.1.23: Colour change observed in malachite at 180 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH 
Temperature 
(°C) 
Time (min) Image 
Control Pellet (untreated) 
 
8 180 60 
 
8 180 300 
 
10 180 60 
 
10 180 300 
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Table 6.1.24: Colour change observed in malachite at 230 °C, pH 8 and 10 with 60 and 300 minutes of 
treatment 
pH 
Temperature 
(°C) 
Time (min) Image 
Control Pellet (untreated) 
 
8 230 60 
 
8 230 300 
 
10 230 60 
 
10 230 300 
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6.1.3 Corrosion Product Transformation - X-Ray Diffraction Results 
Atacamite and clinoatacamite pellets studied by XRD analysis before and after subcritical 
treatment in Series 1 show that a minor transformation to CuO has occurred in atacamite at 
180 °C, pH 10 treated for 300 minutes, whereas at 230 °C for clinoatacamite, only the 
impurities had been removed.  
Table 6.1.25: XRD results of compounds in synthesised atacamite pellet before and after treatment at 180oC 
for 300 minutes at pH 10  
 
Sample Before treatment PDF After treatment PDF 
Atacamite 
pellet 
Cu2Cl(OH)3 atacamite 04-013-1385 Cu2Cl(OH)3 atacamite 04-013-1385 
CaCO3  
 
00-005-0586 CaCO3  
 
00-005-0586 
Cu2Cl(OH)3 botallackite 04-011-8741   
SiO2  
 
00-005-0490 SiO2  
 
00-005-0490 
  CuO  
 
04-007-1375 
CaMg(CO3)2  04-008-0789 CaMg(CO3)2  04-008-0789 
 
 
Table 6.1.26: XRD results of compounds in synthesised clinoatacamite pellet before and after treatment at 
230oC for 300 minutes at pH 10 
 
Sample Before treatment PDF After treatment PDF 
Clino-
atacamite 
Pellet 
Cu2Cl(OH)3 (clino) 04-012-9781 Cu2Cl(OH)3 (clino) 04-012-9781 
Cu2Cl(OH)3 atacamite 04-013-1385   
NaCl  
 
00-005-0628   
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Figure 6.1.10: X-ray diffraction data collected for an atacamite pellet before subcritical treatment and the 
sample treated at 180°C for 300 minutes at pH 10 
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Figure 6.1.11: X-ray diffraction data collected for clinoatacamite - an untreated pellet and the sample treated 
at 230°C for 300 minutes at pH 10 
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6.1.4 Effect of subcritical region on solution pH 
 
Measuring pH of eluate in runs without samples showed that no major changes occurred at 
either pH value (8 or 10) at any parameter, and therefore it is deduced that the changes 
witnessed in tests with samples were related to the Cl-release.  
Table 6.1.27: Values of pH as measured in test tests carried out without samples at all parameter 
combinations 
Sample 
collection 
schedule 
(min) 
 
pH values in solutions subjected to subcritical conditions without samples 
pH 8 pH 10 
130°C 180 °C 230 °C 130 °C 180 °C 230 °C 
Control 7.8 7.7 7.9 10.5 10.5 10.5 
0 8.0 8.1 8.4 10.5 10.4 10.4 
15 7.6 7.8 8.0 10.3 10.4 10.3 
30 7.9 7.8 8.2 10.4 10.4 10.3 
45 7.5 8.0 7.6 10.4 10.4 10.4 
60 7.6 8.1 8.5 10.4 10.4 10.4 
120 7.5 7.9 8.4 10.4 10.4 10.4 
180 8.5 8.4 7.9 10.5 10.4 10.4 
 
 
 
Figure 6.1.12: pH values in solutions subjected to subcritical conditions without samples  
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6.2 Experimental Series 2:  
6.2.1 Chloride Extraction 
 
The focus of this study was to gauge the ability of subcritical fluids to extract Cl- ions from Cl- 
-bearing corrosion products clinoatacamite, atacamite and CuCl. Cl- concentration (ppm) 
(blue) and pH (red) measured in the eluate samples collected at t = x in Series 2. All Cl-  
measurements are displayed as independent measurements at time = x. Cl-content in each 
pellet was normalised to 0.002 mol, and single pellets were treated in three tests at each 
parameter combination. The results show that Cl- is released at all parameters, and that 
temperature has a clear effect on the quantity released. The highest parameters result in no 
further Cl-  being released in all compounds tested. 
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Table 6.2.1: Chloride and pH quantification for CuCl pellets treated at 130 °C pH 8 for 480 minutes 
 
CuCl - Test 10: pH 8, 130 °C  
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 8 206 130 277 177 16 2 2 0 
Eluate pH 7.67 5.89 5.62 5.79 6.36 7.36 8.02 8.09 7.91 
CuCl - Test 22: pH 8, 130 °C  
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 45 375 301 208 165 50 28 6 0 
Eluate pH 7.87 6.48 5.75 5.98 6.23 7.26 7.19 7.56 7.87 
CuCl - Test 45: pH 8, 130 °C  
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 52 627 445 262 141 33 13 2 0 
Eluate pH 7.21 6 5.78 6.16 6.74 7.51 7.54 7.47 7.64 
 
 
 
Figure 6.2.1: Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl pellets at 
130 °C and pH 8 for 480 minutes  
0
1
2
3
4
5
6
7
8
0
100
200
300
400
500
600
700
800
900
1000
1100
0 15 30 45 60 120 300 480 Blank
pH
pp
m
 C
l-
Time (min)
Nantokite, 130 °C, pH 8
10 22 45 10 22 45
105 
 
 
 
Table 6.2.2: Chloride and pH quantification for CuCl pellets treated at 130 °C pH 10 for 480 minutes 
 
CuCl - Test 26: pH 10, 130 °C  
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 60 320 311 201 147 36 21 7 0 
Eluate pH 8.33 5.85 7.06 8.04 8.29 8.41 8.45 8.64 8.46 
CuCl - Test 15: pH 10, 130 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 14 396 277 277 197 26 3 1 0 
Eluate pH 8.37 5.6 6.38 6.55 8.06 8.48 8.47 8.66 8.46 
CuCl - Test 43: pH 10, 130 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 63 449 449 291 192 36 8 3 0 
Eluate pH 8.11 6.57 6.85 7.67 8.06 8.37 8.39 8.41 8.35 
 
 
Figure 6.2.2: Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl pellets at 
130 °C and pH 10 for 480 minutes. 
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Table 6.2.3: Chloride and pH quantification for CuCl pellets treated at 180 °C pH 8 for 480 minutes 
 
CuCl - Test 8: pH 8, 180 °C  
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 9 742 742 17 38 3 2 2 0 
Eluate pH 7.51 5.76 7.82 6.96 7.57 7.91 7.85 7.75 7.54 
CuCl - Test 47: pH 8, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 65 1028 509 141 74 11 2 1 0 
Eluate pH 6.73 5.11 5.21 5.91 6.58 7.39 7.42 7.48 7.62 
CuCl - Test 21: pH 8, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 151 874 546 129 82 7 2 2 0 
Eluate pH 6.27 5.7 5.67 6.06 6.43 7.52 7.72 7.4 7.89 
 
 
 
Figure 6.2.3:  Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl pellets at 
180 °C and pH 8 for 480 minutes 
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Table 6.2.4: Chloride and pH quantification for CuCl pellets treated at 180 °C pH 10 for 480 minutes 
 
CuCl - Test 53: pH 10, 180 °C  
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 86 948 268 92 60 35 1 1 0 
Eluate pH 8.09 5.23 6.08 8.11 8.11 8.19 8.4 9.46 8.42 
CuCl - Test 12: pH 10, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 39 1114 457 111 60 2 1 1 0 
Eluate pH 8.61 5.54 8.04 8.21 8.84 8.67 8.68 8.53  
CuCl - Test 14: pH 10, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 52 1114 222 133 59 2 1 1 0 
Eluate pH 8.7 5.44 7 7.88 8.2 9.11 10.19 9.21 8.95 
 
 
Figure 6.2.4: Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl pellets at 
180 °C and pH 10 for 480 minutes  
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Table 6.2.5: Chloride and pH quantification for CuCl pellets treated at 230 °C pH 8 for 480 minutes 
 
CuCl - Test 36: pH 8, 230 °C  
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 71 1537 219 59 56 19 6 5 0 
Eluate pH 6.58 5.55 5.73 5.79 6.19 6.81 7.25 7.17 7.67 
CuCl - Test 19: pH 8, 230 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 39 1417 165 58 51 11 5 3 0 
Eluate pH 6.83 5.7 5.84 6.09 6.2 6.85 7.21 7.34 8.63 
CuCl - Test 19: pH 8, 230 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 47 1537 247 33 47 9 3 2 0 
Eluate pH 7.06 5.18 5.7 6.83 7.13 8.15 7.97 8.05  
 
 
 
Figure 6.2.5:  Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl pellets at 
230 °C and pH 8 for 480 minutes 
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Table 6.2.6: Chloride and pH quantification for CuCl pellets treated at 230 °C pH 10 for 480 minutes 
 
CuCl - Test 44: pH 10, 230 °C  
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 41 1667 191 37 44 5 2 2 0 
Eluate pH 8.27 5.27 5.73 7.34 8.15 8.37 8.36 8.39 8.4 
CuCl - Test 51: pH 10, 230 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 73 319 682 104 55 8 4 2 0 
Eluate pH 8.75 8.14 5.66 6.2 7.3 8.63 8.66 8.65 8.82 
CuCl - Test 29: pH 10, 230 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 80 1308 191 29 11 4 2 2 0 
Eluate pH 8.15 5.23 5.8 8.26 9.51 8.38 8.53 8.4 8.44 
 
 
 
Figure 6.2.6: Levels of chloride release (blue) and pH (red) recorded for tests carried out on CuCl pellets at 
230 °C and pH 10 for 480 minutes 
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Table 6.2.7: Chloride and pH quantification for atacamite pellets treated at 130 °C and pH 8 for 480 minutes 
 
Atacamite - Test 25: pH 8, 130 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 49 51 48 40 49 32 25 0 
Eluate pH 7.76 7.32 6.98 7.19 7.07 7.12 7.31 7.26 7.79 
Atacamite - Test 38: pH 8, 130 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 49 57 44 40 45 31 23 0 
Eluate pH 7.55 7.65 7.46 7.3 7.41 7.36 7.45 7.47 7.62 
Atacamite - Test 54: pH 8, 130 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 28 36 31 26 33 22 15 0 
Eluate pH 7.86 7.98 7.84 7.64 7.51 7.67 7.99 7.97 7.77 
 
 
Figure 6.2.7: Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite pellets 
at 130 °C and pH 8 for 480 minutes 
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Table 6.2.8: Chloride and pH quantification for atacamite pellets treated at 130 °C and pH 10 for 480 minutes 
 
Atacamite - Test 54: pH 10, 130 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 27 38 39 32 28 17 16 0 
Eluate pH 8.71 8.41 8.42 8.36 8.42 8.42 8.5 8.52 8.52 
Atacamite - Test 27: pH 10, 130 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 39 44 37 31 30 26 24 0 
Eluate pH 8.36 8.22 8.24 8.27 8.26 8.24 8.29 8.28 8.39 
Atacamite - Test 46: pH 10, 130 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 47 38 26 15 22 20 19 0 
Eluate pH 8.33 8.19 8.26 8.26  8.25 8.27 8.3 8.35 
 
 
Figure 6.2.8: Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite pellets 
at 130 °C and pH 10 for 480 minutes 
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Table 6.2.9: Chloride and pH quantification for atacamite pellets treated at 180 °C and pH 8 for 480 minutes 
 
Atacamite - Test 1: pH 8, 180 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 4 88 97 88 72 64 43 27 1 
Eluate pH 6.68 6.38 6.27 6.49 6.54 6.74 6.7 6.57 7.72 
Atacamite - Test 3: pH 8, 180 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 64 107 88 72 57 46 28 0 
Eluate pH 7.36 6.71 6.42 6.49 6.83 6.66 6.79 6.91 7.86 
Atacamite - Test 5: pH 8, 180 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 88 107 88 74 64 42 21 0 
Eluate pH 7.76  6.62 6.75 7.05 6.78 7.04 6.88 7.96 
 
 
 
Figure 6.2.9: Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite pellets 
at 180 °C and pH 8 for 480 minutes 
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Table 6.2.10: Chloride and pH quantification for atacamite pellets treated at 180 °C and pH 10 for 480 
minutes 
 
Atacamite - Test 9: pH 10, 180 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 92 107 91 74 59 50 34 0 
Eluate pH 10.11 7.7 6.82 7.4 7.82 7.82 8.28 8.35 9.21 
Atacamite - Test 17: pH 10, 180 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 100 101 101 66 59 65 42 0 
Eluate pH 8.87 8.13 7.74 7.87 8.06 8.01 8.27 8.37 8.49 
Atacamite - Test 48: pH 10, 180 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 116 131 169 107 75 41 12 0 
Eluate pH 8.37 8.2 8.03 8.15 8.14 8.07 8.2 8.34 8.46 
 
 
Figure 6.2.10: Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite 
pellets at 180 °C and pH 10 for 480 minutes 
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Table 6.2.11: Chloride and pH quantification for atacamite pellets treated at 230 °C and pH 8 for 480 minutes 
 
Atacamite - Test 48: pH 8, 230 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 575 313 149 84 32 2 2 0 
Eluate pH 7.52 6.37 6.81 7.17 7.06 7.1 7.63 7.61 7.66 
Atacamite - Test 32: pH 8, 230 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 526 313 290 104 14 1 1 0 
Eluate pH 7.59 5.96 6.28 6.57 7 7.27 7.38 7.44 7.67 
Atacamite - Test 37: pH 8, 230 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 627 313 152 75 22 2 1 0 
Eluate pH 7.3 6.34 6.81 7.02 7.04 7.41 7.54 7.36 7.61 
 
 
Figure 6.2.11: Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite 
pellets at 230 °C and pH 8 for 480 minutes 
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Table 6.2.12: Chloride and pH quantification for atacamite pellets treated at 230 °C and pH 10 for 480 
minutes 
 
Atacamite - Test 2: pH 10, 230 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 320 298 177 117 37 2 2 0 
Eluate pH 9.93 6.09 5.98 6.15 6.46 7.93 9.91 9.97 10.14 
Atacamite - Test 7: pH 10, 230 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 369 239 164 117 45 2 2 0 
Eluate pH 9.81 6 6.39 6.97 6.83 8.04 8.44 8.41 8.43 
Atacamite - Test 30: pH 10, 230 °C 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 423 294 148 96 50 2 2 0 
Eluate pH 8.38 7.62 7.41 7.44 7.55 7.96 8.39 8.37 8.43 
 
 
Figure 6.2.12:  Levels of chloride release (blue) and pH (red) recorded for tests carried out on atacamite 
pellets at 230 °C and pH 10 for 480 minutes  
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Table 6.2.13: Chloride and pH quantification for clinoatacamite pellets treated at 130 °C and pH 8 for 480 
minutes 
 
Clinoatacamite - Test 28: pH 8, 130 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 43 40 39 39 56 44 34 0 
Eluate pH 7.54 7.64 7.43 7.33 7.53 7.51 7.48 7.47 7.58 
Clinoatacamite - Test 39: pH 8, 130 C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 28 26 22 22 27 18 14 0 
Eluate pH 7.63 7.77 7.71 7.29 7.65 7.48 7.5 7.69 7.67 
Clinoatacamite - Test 40: pH 8, 130 C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 34 31 24 26 28 17 17 0 
Eluate pH 7.6 7.75 7.37 7.39 7.32 7.57 7.39 7.44 7.74 
 
 
Figure 6.2.13: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite 
pellets at 130 °C and pH 8 for 480 minutes 
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Table 6.2.14: Chloride and pH quantification for clinoatacamite pellets treated at 130 °C and pH 10 for 480 
minutes 
 
Clinoatacamite - Test 23: pH 10, 130 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 40 37 35 40 40 24 16 0 
Eluate pH 7.91 7.77 7.97 8.08 8.19 8.14 8.2 8.2 8.39 
Clinoatacamite - Test 6: pH 10, 130 C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 3 52 38 36 36 47 36 28 0 
Eluate pH 8.73 8.53 8.54 8.45 8.45 8.35 8.5 8.64 8.97 
Clinoatacamite - Test 18: pH 10, 130 C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 55 31 33 28 39 31 29 0 
Eluate pH 8.35 8.17 8.28 8.3 8.3 8.26 8.29 8.3 8.41 
 
 
Figure 6.2.14: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite 
pellets at 130 °C and pH 10 for 480 minutes 
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Table 6.2.15: Chloride and pH quantification for clinoatacamite pellets treated at 180 °C and pH 8 for 480 
minutes 
 
Clinoatacamite - Test 13: pH 8, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 139 97 88 88 80 45 22 0 
Eluate pH 8.37 6.39 6.53 6.61 6.55 6.71 7.06 6.92 8.3 
Clinoatacamite - Test 49: pH 8, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 106 146 125 101 105 43 9 0 
Eluate pH 7.7 7.74 7.61 7.56 7.57 7.51 7.45 7.66 7.75 
Clinoatacamite - Test 52: pH 8, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 53 241 166 165 115 12 1 0 
Eluate pH 7.64 7.69 7.63 7.46 7.55 7.6 7.63 7.71 7.76 
 
 
Figure 6.2.15: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite 
pellets at 180 °C and pH 8 for 480 minutes 
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Table 6.2.16: Chloride and pH quantification for clinoatacamite pellets treated at 180 °C and pH 10 for 480 
minutes 
 
Clinoatacamite - Test 16: pH 10, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 77 111 86 76 76 73 27 0 
Eluate pH 8.39 8.22 8.06 8.09 8.12 8.08 8.12 8.26 8.38 
Clinoatacamite - Test 33: pH 10, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 87 152 136 87 82 40 7 0 
Eluate pH 8.37 8.25 8.11 8.02 7.99 7098 9.24 8.73 8.37 
Clinoatacamite - Test 42: pH 10, 180 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 176 175 176 135 102 18 1 0 
Eluate pH 8.31 8.06 7.92 7.82 7.86 7.85 8.19 8.37 8.41 
 
 
Figure 6.2.16: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite 
pellets at 180 °C and pH 10 for 480 minutes 
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Table 6.2.17: Chloride and pH quantification for clinoatacamite pellets treated at 230 °C and pH 8 for 480 
minutes 
 
Clinoatacamite - Test 4: pH 8, 230 °C  
  
Time (min) 0 15 30 45 60 120 300 480 Control  
Cl- (ppm) 2 457 425 222 80 2 1 2 0 
Eluate pH 7.94 5.84 5.84 5.92 6.55 7.73 7.37 7.3 8.21 
Clinoatacamite - Test 24: pH 8, 230 °C  
  
Time (min) 0 15 30 45 60 120 300 480 Control  
Cl- (ppm) 3 518 390 330 121 11 1 1 0 
Eluate pH 7.51 7.5 6.72 7.03 7.02 7.22 7.58 7.56 7.57 
Clinoatacamite - Test 41: pH 8, 230 °C  
  
Time (min) 0 15 30 45 60 120 300 480 Control  
Cl- (ppm) 2 237 554 282 122 3 0 0 0 
Eluate pH 7.63 7.65 7.05 7.04 7.18 7.67 7.59 7.62 7.49 
 
 
Figure 6.2.17: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite 
pellets at 230 °C and pH 8 for 480 minutes 
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Table 6.2.18: Chloride and pH quantification for clinoatacamite pellets treated at 230 °C and pH 10 for 480 
minutes 
Clinoatacamite - Test 20: pH 10, 230 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 4 916 438 165 112 3 1 1 0 
Eluate pH 8.2 7.48 7.45 7.67 7.88 9.37 8.37 8.39 8.41 
Clinoatacamite - Test 34: pH 10, 230 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 2 603 489 240 75 7 1 1 0 
Eluate pH 8.35 8.05 7.58 7.69 7.53 9.9 10.07 9.96 8.4 
Clinoatacamite - Test 35: pH 10, 230 °C   
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 1 206 611 313 113 3 0 0 0 
Eluate pH 8.32 8.2 7.65 7.66 7.38 8.33 8.38 8.37 8.38 
 
 
Figure 6.2.18: Levels of chloride release (blue) and pH (red) recorded for tests carried out on clinoatacamite 
pellets at 230 °C and pH 10 for 480 minutes 
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6.2.2 SEM-EDS Results 
 
Selected corrosion product pellets in Series 2 were analysed for Cl-content by SEM-EDS. 
Surface and cross-sectional analysis of pellets treated at 180 °C and 230 °C shows reduction 
in Cl-content from original pre-treatment value in most samples tested, with evidence of Cl 
being retained in core locations in pellets treated at the lower temperature.   
Table 6.2.19: SEM-EDS results for chloride (maximum and minimum) per parameter and area tested in CuCl 
 Cl- Wt% Scale of area analysed 
No. of 
spectra  
CuCl powder control  48.56 - 0.07 600 µm 12 
pH Temperature (°C) Pellet # Area Cl- wt% 
Scale of area 
analysed 
No. of 
spectra  
8 180 21 surface 0.5 - 0.28 300 µm 9 
8 180 21 cross-section 0.13 - 0.05 90 µm 8 
10 180 12 surface 0.3 - 0.19 300 µm 10 
10 180 12 cross-section 0.29 - 0.01 100 µm 9 
8 230 50 surface 0.78 - 0.14 90 µm 10 
8 230 50 cross-section 0.21 - 0.03 400 µm 10 
10 230 29 surface 0.36 - 0.08 70 µm 8 
10 230 29 cross-section 0.15 - 0.05 100 µm 6 
 
Table 6.2.20: SEM-EDS results for chloride (maximum and minimum) per parameter and area tested in 
atacamite 
 Cl- wt% Scale of area analysed 
No. of 
spectra  
Atacamite powder control 10.26 - 4.29 800 µm 9 
pH Temperature (°C) Pellet # Area Cl- wt% 
Scale of area 
analysed 
No. of 
spectra  
8 180 3 Surface 0.04 – 0.01 1 mm 8 
8 180 3 cross-section 2.43 - 0.02 2 mm 10 
10 180 17 Surface 0.12 - 0.02 2 mm 9 
10 180 17 cross-section 14.23 - 0.01 1 mm 20 
8 230 31 Surface 0.08 - 0.04 1 mm 6 
8 230 31 cross-section 0.07 - 0.01 900 µm 10 
10 230 7 Surface 0.06 - 0.02 200 µm 8 
10 230 7 cross-section 0.06 – 0.01 1 mm 7 
.  
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Table 6.2.21: SEM-EDS results for chloride (maximum and minimum) per parameter and area tested in 
clinoatacamite 
 Cl- Wt% Scale of area analysed 
No. of 
spectra  
Clinoatacamite powder control  19.42- 0.38 1 mm 8 
pH Temperature (°C) Pellet # Area Cl- wt% 
Scale of area 
analysed 
No. of 
spectra  
8 180 13 surface 0.06 - 0.01 400 µm 7 
8 180 13 cross-section 0.13 - 0.04 200 µm 7 
10 180 42 surface 0.07 - 0.01 300 µm 6 
10 180 42 cross-section 0.05 - 0.01 300 µm 7 
8 230 24 surface 0.15 - 0.01 600 µm 8 
8 230 24 cross-section 0.13 - 0.02 600 µm 7 
10 230 34 surface 0.04 - 0.01 700 µm 6 
10 230 34 cross-section 0.09 - 0.02 300 µm 6 
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6.2.3 Corrosion Product Transformation - XRD Analysis  
Selected samples of each corrosion product treated at 130 °C, pH 8 and 10 were 
analysed with XRD for corrosion product transformation. All samples demonstrate 
minor transformation which is expected at the lowest temperature. An increase in 
CuO is noted in all. CuCl is most transformed, to CuO predominantly, with partial 
transformation to atacamite and clinoatacamite where Cl extraction is not complete. 
Clinoatacamite and atacamite also show partial transformation to CuO with notable 
levels of the original compound unaltered. 
 
Table 6.2.22: XRD results of compounds in CuCl control pellet (before) and after treatment at 130oC for 480 
minutes at pH 8 (Pellet #25) and 130oC for 480 minutes at pH 10 (Pellet #15)  
 
Compound formula PDF/COD 
Before 
treatment 
Wt% 
Pellet #22 
treated at 
130°C and 
pH 8 
Wt% 
Pellet #15 
treated at 
130°C and 
pH 10 
Wt% 
CuCl 
 
06-0344 41.65 1.23 1.30 
Cu2Cl(OH)3 
(clinoatacamite) 
9004404 1.11 1.70 1.51 
Cu2Cl(OH)3 
(atacamite) 
25-0269 1.23 6.64 4.56 
CaCO3 
 
05-0586 29.63 29.20 30.11 
CaMg(CO3)2 36-0426 25.80 42.53 42.67 
CuO 
 
9014934 0.03 3.73 0.93 
Cu2O 9007497 0.01 11.55 14.49 
SiO2 01-0649 0.54 3.42 4.43 
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Figure 6.2.19:  Results of XRD analysis of CuCl control (untreated) and pellets treated at 130 °C at pH 8 (#22) 
and pH 10 (#15) for 480 minutes, with powder diffraction references  
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Figure 6.2.20: Semiquantitative XRD results of CuCl control pellet (before treatment) , with powder 
diffraction references 
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Figure 6.2.21: Semiquantitative XRD results of CuCl pellet (#22) treated at 130 °C and pH 8 (#22) for 480 
minutes, with powder diffraction references 
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Figure 6.2.22: Semiquantitative XRD results of CuCl pellet (#15) treated at 130 °C and pH 10 for 480 minutes, 
with powder diffraction references 
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Table 6.2.23: XRD results of compounds in synthesised atacamite control pellet (before) and after treatment 
at 130oC for 480 minutes at pH 8 (Pellet #11) and 130oC for 480 minutes at pH 10 (Pellet #25)  
 
Compound 
formula 
PDF/COD 
Before 
treatment 
Wt% 
Pellet #11 
Treated at 
130°C and 
pH 8 
Wt% 
Pellet #25 
treated 
130°C and 
pH 10 
Wt% 
Cu2Cl(OH)3 
(atacamite) 
25-0269 9.47 15.59 16.12 
CaCO3 
 
05-0586 29.54 30.69 30.65 
Cu2Cl(OH)3 
(botallackite) 
9009464 7.73 0.11 0.14 
CaMg(CO3)2 36-0426 53.13 52.02 51.46 
CuO 
 
9014934 0.13 1.58 0.14 
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Figure 6.2.23: Results of XRD analysis of atacamite pellets treated at 130°C at pH 8 (#11) and pH 10 (#25) for 
480 minutes, with powder diffraction references 
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Figure 6.2.24: Semiquantitative XRD results of atacamite control pellet (before treatment) , with powder 
diffraction references 
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Figure 6.2.25: Semiquantitative XRD results of atacamite pellet (#25) treated at 130 °C and pH 8 for 480 
minutes, with powder diffraction references 
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Figure 6.2.26: Semiquantitative XRD results of atacamite pellet (#11) treated at 130 °C and pH 10 for 480 
minutes, with powder diffraction references 
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Table 6.2.24: XRD results of compounds in synthesised clinoatacamite control pellet (before) and after 
treatment at 130oC for 480 minutes at pH 8 (Pellet #28) and 130oC for 480 minutes at pH 10 (Pellet #6)  
 
Compound 
formula 
PDF/COD 
Before 
treatment 
Wt% 
Pellet #28 
Treated at 
130°C and 
pH 8 
Wt% 
Pellet #6 
treated 
130°C and 
pH 10 
Wt% 
Cu2Cl(OH)3 
clinoatacamite 
9004404 8.93 6.88 6.37 
CaCO3 
 
05-0586 45.76 45.28 42.10 
CaMg(CO3)2 36-0426 40.86 42.19 47.39 
CuO 
 
9014934 0.22 3.59 1.89 
Cu2O 9007497 0.02 0.02 0.02 
SiO2 01-0649 4.21 2.03 2.23 
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Figure 6.2.27: Results of XRD analysis of clinoatacamite pellets treated at 130°C at pH 8 (#28) and pH 10 (#6) 
for 480 minutes, with powder diffraction references, with powder diffraction references   
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Figure 6.2.28: Semiquantitative XRD results of clinoatacamite control pellet (before treatment), with powder 
diffraction references 
Cl
in
oa
ta
ca
m
ite
 C
on
tr
ol
 p
el
le
t  
137 
 
 
 
 
Figure 6.2.29: Semiquantitative XRD results of clinoatacamite pellet #28 treated at 130 °C and pH 8 for 480 
minutes, with powder diffraction references 
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Figure 6.2.30: Semiquantitative XRD results of clinoatacamite pellet #6 treated at 130 °C and pH 10 for 480 
minutes, with powder diffraction references 
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6.2.4 Effect on mass 
 
Monitoring of alteration in mass of each pellet before and after treatment showed consistent  
-ve change per corrosion product at each parameter combination. Highest change was noted 
at the highest temperature, but at the lower pH. CuCl showed the greatest change overall, at 
40 – 45 % whist the trihydroxychlorides reduced in mass at between 5 % at the lowest 
temperature and 30 % at the highest.  
Table 6.2.25: Average weight loss percentage in CuCl pellets at each parameter combination 
 
pH 
Temperature 
(°C) Time (min) 
Average % weight 
loss 
Standard 
Deviation 
8 130 480 42.24 2.189 
8 180 480 41.91 2.341 
8 230 480 43.42 1.486 
10 130 480 40.64 2.573 
10 180 480 41.67 0.682 
10 230 480 45.08 0.985 
 
 
Table 6.2.26: Average weight loss percentage in atacamite pellets at each parameter combination 
 
pH 
Temperature 
(°C) Time (min) 
Average % weight 
loss 
Standard 
Deviation 
8 130 480 6.900 0.678 
8 180 480 20.544 0.068 
8 230 480 21.079 0.162 
10 130 480 6.074 0.555 
10 180 480 18.539 0.181 
10 230 480 21.70 0.394 
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Table 6.2.27: Average weight loss percentage in clinoatacamite pellets at each parameter combination 
 
pH 
Temperature 
(°C) Time (min) 
Average % weight 
loss 
Standard 
deviation 
8 130 480 12.45 1.74 
8 180 480 25.03 0.73 
8 230 480 29.14 7.32 
10 130 480 12.95 4.96 
10 180 480 24.59 0.89 
10 230 480 27.01 3.11 
 
 
 
Figure 6.2.31: Weight loss percentage as function of temperature (averaged for pellets) in pellets tested in 
Experimental Series 2 
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6.3 Experimental Series 3     
6.3.1 Chloride Extraction 
The focus of this study was to gauge the ability of subcritical fluids to extract Cl- ions from 
naturally corroded samples with a solid Cu or Cu-alloy core. Cl- concentration (ppm) (blue) 
and pH (red) measured in the eluate samples collected at t = x in Series 3. All Cl-  
measurements are displayed as independent measurements at time = x. The results show 
that Cl- is released at all parameters, and that temperature has a clear effect on the quantity 
released. The highest parameters result in no further Cl-  being released in all samples tested. 
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Table 6.3.1: Levels of chloride release and pH recorded for tests carried out at 130 °C, pH 8 and 10, on coupons 
NC1 and NC2 
Coupon NC1 - 130 °C, pH 8 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 64 41 9 4 4 3 2 2 0 
Eluate pH 7.79 7.86 7.86 7.76 7.85 7.83 7.61 7.73 7.66 
Coupon NC2 - 130 °C, pH 10 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 28 51 16 8 6 6 4 5 0 
Eluate pH 8.41 8.37 8.40 8.43 8.43 9.24 9.88 8.44 8.44 
 
A  
B  
 
Figure 6.3.1: Levels of chloride release (blue) and pH (red) recorded for tests carried out on coupons NC1 and 
NC2 at 130 °C, pH 8 (A)and 10 (B) for 480 minutes 
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Table 6.3.2: Levels of chloride release and pH recorded for tests carried out at 180 °C, pH 8 and 10, on coupons 
NC3 and NC4 
Coupon NC3 - 180 °C, pH 8 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 22 89 46 36 26 20 7 5 0 
Eluate pH 7.74 7.51 6.63 6.65 6.74 6.96 7.35 7.58 8.30 
Coupon NC4 - 180 °C, pH 10 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 27 79 60 29 27 20 10 7 0 
Eluate pH 8.36 8.05 7.86 8.13 8.15 8.28 8.39 8.37 8.44 
 
A    
B  
 
Figure 6.3.2: Levels of chloride release (blue) and pH (red) recorded for tests carried out on coupons NC3 and 
NC4 at 180 °C, pH 8 (A) and 10 (B) respectively for 480 minutes  
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Table 6.3.3: Levels of chloride release and pH recorded for tests carried out at 230 °C, pH 8 and 10, on coupons 
NC5 and NC6 
Coupon NC5 - 230 °C, pH 8 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 23 105 23 8 4 1 0 0 0 
Eluate pH 7.66 6.58 6.79 7.50 7.50 7.70 7.69 7.72 7.77 
Coupon NC6 - 230 °C, pH 10 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 13 109 27 13 5 0 0 0 0 
Eluate pH 8.39 7.50 8.11 8.27 8.22 8.41 8.38 8.40 8.41 
 
A  
 
B   
Figure 6.3.3: Levels of chloride release (blue) and pH (red) recorded for tests carried out on coupons NC5 and 
NC6 at 230 °C, pH 8 (A) and 10 (B) respectively for 480 minutes 
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Table 6.3.4: Levels of chloride release and pH recorded for tests on artefacts A7 through A9 carried out at 
230 °C and pH 8 for 480 minutes 
A7 - 230 °C, pH 8 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 0 2 1 1 1 0 0 0 0 
Eluate pH 7.84 7.44 7.53 7.58 7.66 7.70 7.70 7.59 7.78 
A8- 230 °C, pH 8 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 0 25 7 1 1 0 0 0 0 
Eluate pH 7.66 5.82 7.13 7.32 7.38 7.54 7.53 7.52 7.64 
A9- 230 °C, pH 8 
Time (min) 0 15 30 45 60 120 300 480 Control 
Cl- (ppm) 3 44 9 3 2 1 0 0 0 
Eluate pH 7.47 6.26 7.21 7.39 7.63 7.55 7.62 7.53 8.30 
 
 
Figure 6.3.4: Levels of chloride release (blue) and pH (red) recorded for tests carried out on artefacts A7 – A9 
carried out individually at 230 °C and pH 8 for 480 minutes  
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6.3.2 Aesthetic Effect/Impact on Colour 
The samples in Series 3 were studied for impact on colour in order to determine effect of the 
subcritical parameters on aesthetic characteristics of the samples. Colour changes were 
noted in all, with greater variation witnessed with increasing temperature and pH.  
Table 6.3.5: Colour change observed in coupons NC1-NC6 after treatment at all parameter combinations 
Sample  ID pH Temperature (°C) Time (min) Before treatment  After treatment 
NC1 8 130 480 
  
NC 2 8 180 480 N/A 
 
NC 3 8 230 480 
  
NC 4 10 130 480 N/A 
 
NC 5 10 180 480 
  
NC 6 10 230 480 
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Table 6.3.6: Colour changes observed in samples treated in Artefact Sections AS1 – AS6 at parameters tested 
 
Sample 
Identifier 
pH 
Temperature 
(°C) 
Before Treatment After Treatment 
AS1 8 130 
 
 
AS 2 10 130 
 
 
AS 3 8 180 
 
 
AS 4 10 180 
 
 
AS 5 8 230 
 
 
AS 6 10 230 
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Table 6.3.7: Colour change observed in artefacts A1 – A9 after treatment at 230°C, pH 8 for 480 minutes 
 
Sample ID pH Temperature (°C) Before treatment  After treatment  
Patina Group 
A1-A3 
8 230 
 
 
 
 
 
 
Microstructure 
Group  
A4 – A6 
8 230 
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A7 8 230 
 
 
A8 8 230 
 
 
A9 8 230 
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6.3.3 SEM-EDS Results 
Samples AS1-6 and A1-9 in Series 3 were analysed by SEM-EDS before and after subcritical 
treatment for changes in metallography (AS1-6) patina composition (A1-9) and Cl content 
(A7-9). Samples AS1-6 were analysed on freshly cut core cross-sections, and Samples A1-
9 underwent surface analysis. Core analysis (AS1-6) shows reduction in levels of Zn and Sn, 
while Cu increases at all parameters. Pb varies in analysis to treatment due to globular 
nature, and cannot be relied upon for conclusion on effect of treatment. In surface analysis, 
(A1-9) a much wider range of variation is witnessed from one artefact to another as can be 
expected. Generally Cu and Zn increase on the surface, while Sn decreases. Again, Pb is 
expected to represent localised composition and thus varies considerably. 
Table 6.3.8: SEM-EDS quantification of elements of interest on freshly cut surface of Artefact section AS1 
before and after subcritical treatment at pH 8, 130 °C 
 
Element O Cu Zn Sn Pb No. of 
Spectra 
Scale of 
area 
Before 
Wt%  35.29 - 1.72 84.61 - 37.07 10.28 - 1.55 7.92 - 1.05 39.9 - 10.66 9 100 µm 
After Wt%  16.8 - 0.46 89.2 - 43.74 7.44 - 0.26 6.33 - 0.12 75.0 - 10.17 10 100 µm 
 
Table 6.3.9: SEM-EDS quantification of elements of interest on freshly cut surface of Artefact section AS2 
before and after subcritical treatment at pH 10, 130 °C 
Element O Fe Cu Zn Sn Pb 
No. of 
Spectra 
Scale 
of 
area 
Before Wt%  31.7 - 50.68 5.18 - 0.13 83.85 - 30.84 31.76 - 5.41 7.99 - 1.75 4.05 - 0.94 11 600 µm 
After Wt%  19.04 - 0.64 0.77 – 0.01 84.92 - 36.87 8.8 - 2.35 5.74 - 0.22 39.07 - 0.14 10 600 µm 
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Table 6.3.10: SEM-EDS quantification of elements of interest on freshly cut surface of Artefact section AS3 
before and after subcritical treatment at pH 8, 180 °C 
 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of 
 
Before Wt%  30.77 - 0.68 1.32 - 0.18 82.62 -38.02 10.69 - 5.1 6.95 - 4.99 5.33 - 0.83 10 200 µm 
After Wt%  7.07 - 0.45 0.3 - 0.17 83.14 - 70.74 8.41 - 5 7.22 - 5.48 7.1 - 0.51 8 700 µm 
 
Table 6.3.11: SEM-EDS quantification of elements of interest on freshly cut surface of Artefact section AS4 
before subcritical treatment at pH 10, 180 °C 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of 
 
Before Wt%  36.38 -1.42 1.95 - 0.22 83.15 - 38.25 16.35 - 3.53 9.23 - 0.38 2.51 - 0.38 10 900 µm 
After Wt%  3.21- 0.59 0.3 - 0.07 85.08 - 80.53 9.25 - 5.44 6 - 5.37 2.55 - 0.54 8 1 mm 
 
 
Table 6.3.12: SEM-EDS quantification of elements of interest on freshly cut surface of Artefact section AS5 
before and after subcritical treatment at pH 8, 230 °C 
 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of 
 
Before Wt%  32.62 - 0.45 1.62 - 0.1 86.54 - 30.72 18.87 - 6.28 6.33 - 2.27 2.89 - 0.28 11 200 µm 
After Wt%  5.7 - 0.61 2.00 - 0.1 86.31 - 74.15 11.73 - 4.37 7.3 - 5.56 1.8 - 0.23 9 300 µm 
 
Table 6.3.13: SEM-EDS quantification of elements of interest on freshly cut surface of Artefact section AS6 
before and after subcritical treatment at pH 10, 230 °C 
 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of 
 
Before Wt% 33.98 - 0.92 1.03 -0.31 82.77 - 40.78 7.24 - 3.6 8.19 - 2.87 3.52 - 0.25 10 300 µm 
After Wt% 6.68 - 0.36 0.33 - 0.14 86.22 - 73.68 7.78 - 6.11 6.07 - 4.26 2.15 - 0.16 9 400 µm 
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Table 6.3.14: SEM-EDS quantification of elements of interest on surface of Artefact A1 before and after 
subcritical treatment at pH 8, 230 °C 
 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of area 
Before 
Wt%  
25.38 - 
16.59 
14.86 - 
2.89 
57.12 - 
17.3 3.38 - 1.69 
11.41 - 
5.54 
17.87 - 
3.09 9 400 µm 
After Wt%  21.31 - 15.7 
10.41 - 
4.94 
52.62 - 
25.85 5.64 - 2.92 8.81 - 2.09 
36.22 - 
8.78 10 400 µm 
 
Table 6.3.15: SEM-EDS quantification of elements of interest on surface of Artefact A2 before and after 
subcritical treatment at pH 8, 230 °C 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of 
 
Before Wt%  44.8 - 39.42 5.49 - 2.98 19.59 - 14.07 4.27 - 2.5 4.55 - 1.98 8.52 - 3 9 900 µm 
After Wt%  25.82 – 2.14 9.93 - 5.33 34.3 - 25.34 7.95 - 3.62 8.17 - 1.72 14.62 - 7.47 10 1 mm 
 
 
Table 6.3.16: SEM-EDS quantification of elements of interest on surface of Artefact A3 before and after 
subcritical treatment at pH 8, 230 °C 
Element O Fe Cu Zn Sn Pb No. of 
Spectr
 
Scal
e of 
 Before 
Wt%  
43.53 - 
33.38 5.37 - 2.99 28.77 - 3.39 
3.14 - 
0.78 
8.45 - 
0.53 5.11 - 0.48 11 
400 
µm  
After Wt%  27.31 - 16.18 
15.18 - 
8.69 
49.62 - 
18.12 4.4 - 1.86 
4.92 - 
0.35 
16.34 - 
6.92 10 
300 
µm 
 
Table 6.3.17: SEM-EDS quantification of elements of interest on surface of Artefact A4 before and after 
subcritical treatment at pH 8, 230 °C 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of 
 
Before Wt%  45.27 - 39.13 8.11 - 4.86 16.23 - 9.53 1.44 - 1.05 17.18 - 2.78 2.5 -1.3 10 900 µm 
After Wt%  28.51 - 18.47 14.87 - 4.2 54.97 - 33.59 1.77 - 1.04 10.15 - 24 3.54 - 1.88 10 1 mm 
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Table 6.3.18: SEM-EDS quantification of elements of interest on surface of Artefact A5 before and after 
subcritical treatment at pH 8, 230 °C 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of 
 Before Wt%  43.66 - 38.21 6.92 - 3.86 16.8 - 11.2 1.68 - 0.83 4.68 - 0.28 5.25 - 0.69 10 1 mm 
After Wt%  32.27 - 26.42 11.3 - 4.23 37.97 - 22.88 3.76 - 1.8 3.58 - 0.81 19.48 - 7.36 10 1 mm 
 
Table 6.3.19: SEM-EDS quantification of elements of interest on surface of Artefact A6 before and after 
subcritical treatment at pH 8, 230 °C 
Element O Fe Cu Zn Sn Pb No. of 
Spectra 
Scale 
of 
 
Before Wt%  44.73 - 39.29 10.5 - 4.92 23.71 - 11.57 2.53 - 1 2.21 - 0.53 1.94 - 0.83 10 900 µm 
After Wt%  28.3 - 15.15 7.9 - 4.06 70.06 - 39.12 4.77 - 2.58 1.33 - 0.09 2.49 - 0.78 10 1 mm 
 
 
Table 6.3.20: SEM-EDS quantification of elements of interest on surface of Artefact A7 before and after 
subcritical treatment at pH 8, 230 °C 
Element O Cl Fe Cu Sn Pb No. of 
Spectr
 
Scal
e of 
 Before 
Wt%  
37.99 - 
36.31 0.08 - 0.03 
1.57 - 
0.95 
17.94 - 
15.83 33.09 - 30.69 
4.02 - 
3.63 9 
1 
mm 
After Wt%  25.65 - 14.69 
0.06 – (-
0.02) 1.79 - 0.6 
63.94 - 
33.08 
33.11 -  
16.06 3.17 - 27 10 
800 
µm 
 
Table 6.3.21: SEM-EDS quantification of elements of interest on surface of Artefact A8 before and after 
subcritical treatment at pH 8, 230 °C 
 
Element O Cl Fe Cu Sn Pb No. of 
Spectra 
Scale 
of 
 
Before Wt% 48.42 - 33.17 1.45 – 0.01 10.16 - 0.79 33.7 - 20.03 5.29 – 0.01 3.49 - 0.1 9 900 µm 
After Wt% 32.33 - 21.7 0.15 - 0.03 0.61 - 0.07 56.4 - 35.14 4.13 - 0.04 3.44 - 18 7 1 mm 
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Table 6.3.22: SEM-EDS quantification of elements of interest on surface of Artefact A9 before and after 
subcritical treatment at pH 8, 230 °C 
Element O Cl Fe Cu Sn Pb No. of 
Spectra 
Scale 
of 
 Before Wt%  41.78 - 32.05 0.5 - 0.08 26.08 - 1.02 26.26 - 11.91 2.17 - 0.38 5.03 - 2 10 1 mm 
After Wt%  30.23 - 16.9 0.14 - 0.03 21.4 - 0.49 46.27 - 14.99 1.52 - 0.28 5.99 - 2.09 9 900 µm 
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7. INTERPRETATION AND DISCUSSION 
7.1 Pressed Pellet Experiments: Series 1 and 2 
The Series 1 tests carried out subcritical treatment of identical pellets, containing the 
same copper compound, tested in groups of three. These tests were primarily 
designed to identify treatment parameters for Series 2 tests involving treatment of 
individual pellets. Five different compounds were tested (Table 5.5). Pellet sets were 
run at three temperatures (130, 180 and 230oC) and at two pH values (pH 8 and pH 
10). One set of tests were run for 60 minutes and another for 300 minutes. Chloride 
content of the eluate was sampled at 15-minute intervals for the t = 60 tests and at 60-
minute intervals for the t = 300 tests, with collection of the first eluate sample at t = 60.  
In Series 2, the tests were run on three compounds (Table 5.6) for 480 minutes, with 
sampling of eluate at 15-minute intervals for the first 60 minutes, then at t = 120, t = 
300 and t = 480. Single pellets were used, with the Cl content standardised to 0.002 
mol per pellet. 
7.1.1. CuCl (Nantokite): Chloride Extraction (Series 1: Tables 6.1.1 – 
6.1.3, Figures 6.1.1 – 6.1.3, 7.1 and 7.2A-F; Series 2: Tables 6.2.1 – 6.2.6; 
Figures 6.2.1 – 6.2.6, 7.1, 7.2A-F, 7.4A-F, 7.5A-B and 7.6A-B) 
For Series 1 experiments, three CuCl pellets were treated together at each subcritical 
parameter combination, which meant each test run contained a total of 0.012 M or 
0.426g Cl (Table 5.8). The 60-minute duration tests returned a generic pattern of Cl-   
release for all test parameter combinations; maximum Cl-   concentration in the eluate 
occurred either at t = 15 or t = 30 and thereafter it fell incrementally (Figures 6.1.1 – 
6.1.3; Tables 6.1.1 – 6.1.3). For the 300-minute tests, the first measurement of Cl-  
concentration was sampled from the eluate at t = 60 and was invariably the higher 
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than Cl- concentrations in eluate measurements that followed. When treatment was 
terminated at t = 300, Cl- concentration had fallen to very low levels but had not 
stopped. While the cumulative amount of Cl- extracted cannot be identified, its pattern 
of removal is evident and delivers a low extraction rate at t = 300. How long this low 
extraction rate will continue cannot be stated, as the amount of Cl- remaining in the 
samples is unknown. It may be that Cl- has been almost entirely removed or that it is 
still present in quantity and the morphology of the pellet is controlling access of wash 
solution to CuCl in its interior. Only sample digestion would reveal the answer to this 
question. Uneven concentration patterns of Cl- removal across the treatments could 
also be due to un-homogenous mixing of the samples, although attempts to avoid this 
were employed by using a consistent and thorough mixing process (see Chapter 
5.3.2). 
Comparing the t = 60 and t = 300 tests reveals that at t = 60, for 4 out of the 6 pH and 
temperature combinations, there is significantly more Cl- in the eluate of the 300- 
minute test (Figure 7.1). 
 
Figure 7.1: Comparison of chloride in eluate collected at t=60 for 60- and 300-minute tests on CuCl in 
Series 1 
1095 1126
1372
1599
378
893
2247
2085
2278
948
655
463
0
500
1000
1500
2000
2500
pH8 130C pH10 130C pH8 180C pH10 180C pH8 230C pH8 230C
Cl
-i
n 
el
ua
te
 a
t 6
0 
m
in
s (
pp
m
)
60 min test 300 min test
157 
 
There is no obvious explanation for this and, ignoring these anomalies and considering 
both test series as a continuous data set from t=0 to t = 300, a generic pattern of Cl- 
concentration in the eluate exists that has Cl- concentration peaking at either the t = 
15 or t = 60 point and thereafter its incremental reduction to t = 300. The initial surge 
in Cl- extraction may be due to the ready access of the wash solution to the outer 
surface of the CuCl pellet, thereafter both solution ingress and Cl- extraction or 
compound transformation requires diffusion through the intact pellet and the CaCO3 
matrix. This hinders processes where removal of Cl- relies upon the solvation or 
transformation of CuCl within the body of the pellet. Solubility of CuCl will be reduced 
by the common ion effect of Le Chatelier’s principle; more Cl- in the wash solution will 
reduce CuCl solubility. This should not have any major impact on solvation of CuCl, 
as the wash solution is continually renewed and elevated temperatures increase 
solubility by raising the KSp for a compound. However, mineralogical changes, such 
as transformation to Cu2O during treatment, affects diffusion rates of the OH-, Cl- anion 
exchange, as the denser Cu2O creates restricted paths of tortuosity through which 
diffusion must occur (MacLeod 1987a, Pollard et al 1989, Scott 2002). In addition, the 
solubility of CuCl decreases as the density of the water-based solution decreases, 
which could considerably limit solvation of the compound at higher temperature (Liu 
et al 2008). 
Series 2 tests on individual pellets broadly confirmed the generic Cl- extraction pattern 
identified in the Series 1 experiments. As there is no direct correlation between 
samples and test setup in Series 1 and 2, investigating the reproducibility of Cl- 
extraction values at t = 60 minutes with a normalisation factor of 6 to account for 
molarity differences between samples and number of samples run at once is 
appropriate (Figures 7.2A – F). 
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Figure 7.2 A-F: Comparison of chloride extraction at t = 60 in Series 1 and 2 for CuCl, with and 
without normalisation by factor of 6  
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All samples in Series 2 showed maximum Cl- concentration in the eluate at t = 15 or t 
= 30, which reduced significantly from t = 60 onwards and was normally negligible at t 
= 480 (Figures 6.2.1 – 6.2.6; Tables 6.2.1 - 6.2.6). For all the Series 2 experiments the 
very low levels of Cl- in the eluate at t = 480 lead to the conclusion that the treatment 
has reached its limit for Cl- extraction into the eluate and therefore, as a treatment, it 
is completed. This may mean there is no more Cl- to be extracted or that there is 
residual Cl- that cannot be extracted. A definitive answer is not possible as residual Cl 
was not measured by digestion.  
While increasing solution pH favours formation of CuO and Cu2O (Figures 4.5 and 
7.3), the impact of pH on Cl- release during subcritical treatment shows no discernible 
pattern (Figure 7.4A-F). 
 
Figure 7.3: Eh-pH diagram for the Cu/H2O system at 1 atm and 25oC (Scott 1990) 
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Figure 7.4 A-F: Impact of pH and temperature on chloride release during subcritical treatment on 
CuCl pellets in Series 2 
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Although at 230 oC pH 10 the eluate concentrations are considerably higher from t = 
15 to t = 60 and considerably lower for from t = 60 to t = 300, when compared to the 
pH 8 data set. This indicates that the extractable Cl- is removed more quickly and it 
may be that the total removed is greater than at lower pH values. More samples need 
to be tested to determine the impact of pH and this should be supported by XRD to 
determine the quantities of Cu2O and CuO present post-treatment.  
Reduced solution pH is evident during the treatment process, dropping to lie within the 
region pH 5 to pH 6 while Cl- is being extracted, irrespective of whether the initial pH 
of the solution was 8 or 10 (Figures 6.1.1 – 6.1.3; 6.2.1 – 6.2.6; Tables 6.1.1 – 6.1.3; 
6.2.1 – 6.2.6). Further to this the pH fall is bigger for higher concentrations of Cl- in the 
eluate (Figure 7.5 A-B). 
Concentration of Cl- in the eluate has a significant impact on pH until around 200ppm 
and below 100ppm its impact on pH begins to become very limited (Figures 6.2.1 – 
6.2.6; Tables 6.2.1 - 6.2.6). This is not evident for Series 1 tests, as Cl- concentration 
rarely dips below 200ppm.  
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Figure 7.5 A-B: Effect of chloride in eluate on pH in tests with CuCl 
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A drop in pH during treatment can be attributed to hydrolysis related to Cl- in solution 
(MacLeod 1987a, North and MacLeod 1987, Scott 1990, Liu et al 2008) [7.1] [7.2]. 
Solvation of CuCl produces HCl in the eluate [7.1] and oxidation of CuCl can produce 
acid and generate formation of Cu2(OH)3Cl [7.2]. XRD and SEM EDS analysis of the 
pellets post treatment is reported later. 
CuCl + H2O → HCl + Cu2O    [7.1] 
4CuCl + O2 + 4H2O → 2Cu2(OH)3Cl + 2H+ + Cl-  [7.2] 
Elevated treatment temperature produces higher initial Cl- concentrations in the eluate, 
either at t = 15 or t = 30, then lower concentrations beyond this point as compared to 
treatments carried out a lower temperature (Figure 7.6 A-B). This is not unexpected, 
as CuCl has a low solubility in water (0.0062 g/100 ml at 20 °C: KSp 1.72 x 10-7 at 
25oC). This is evidenced by past treatments for copper alloys. Stripping treatments 
employed to remove all corrosion products from archaeological copper alloys used hot 
washing (approximately 80oC) in deionised water to remove both surface visible and 
deep seated CuCl, following acid/alkali aided removal of other corrosion products 
(Plenderleith and Werner 1972). This required weeks of washing to solvate CuCl and 
reduce Cl- to negligible levels within the wash solution. 
Series 2 tests reveal higher treatment temperature increases Cl- concentration in the 
eluate (Figure 7.6 A-B). 
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Figure 7.6 A-B: Comparison of effect of temperature on chloride release into eluate in tests with 
CuCl in Series 2  
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Examining the region from t = 0 to t = 60 for all treatments reveals Cl- is extracted 
faster but the total removed is not significantly greater, taking into account the lack of 
reproducibility between the CuCl pellets. It cannot be stated definitively that higher 
temperature removes more Cl-, as there is insufficient data on the quantity of Cl- 
extracted, but is possible to state Cl- is removed more rapidly. It is not known how 
much Cl- is extracted before t = 15 and it could be quite considerable, given the general 
trend of initial surges in Cl- removal. There is a distinct pattern of rising temperature 
producing higher concentrations of Cl- in the eluate in a shorter time span, but the final 
outcome as quantity of Cl- removed is similar. Therefore, either employing subcritical 
treatment for shorter time periods at higher temperatures or longer time periods at 
lower temperatures is an option to reach the same end-point. Choices will be 
influenced by physical and aesthetic impacts on objects. This is explored throughout 
the discussion.  
7.1.2 CuCl (Nantokite): Transformation and chloride loss (Series 1: 
Tables 6.1.10 – 12; Series 2: Tables 6.2.19, 6.2.22 and 6.2.25, Figures 
6.2.19 – 22 and 6.2.31, Appendix I: Figures I-1.1 – 8)  
Before being treated, CuCl is 42 wt% of the pellet with 56 wt% binder, with a small 
amount of atacamite and clinoatacamite that likely originates from CuCl hydrolysis in 
the presence of atmospheric moisture and oxygen (Table 6.2.22, Figures 6.2.19 - 20).  
Quartz, is present in the binder compound and there are negligible amounts of CuO 
and Cu2O that occur as contaminants.  
Pre- and post-treatment images of CuCl pellets treated in Series 1 experiments record 
significant colour changes from the light green/wax white characteristic colouring of 
CuCl to orange or grey/black (Tables 6.1.10 - 12). Visually, this would be attributed to 
transformation to Cu2O (orange/red/brown) or CuO (grey/black) with the final overall 
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hue influenced by the presence of the CaCO3/CaMg(CO3)2 binder. The lower 
temperature treatments produce bright orange outcomes, with some distinct green 
patches, whereas higher temperature treatments deliver a grey/orange colour.  
XRD data for pellets treated at 130 oC, pH 8 and pH 10, confirms this visual 
identification of these compounds based on their colour palette (Tables 6.1.25 - 26, 
Figures 6.1.25 - 26).  CuCl is almost entirely lost with Cu2O being the main 
transformation phase, followed by CuO and small amounts of atacamite. The apparent 
increase in the wt% of CaMg(CO3)2 post-treatment and is likely explained by its Ksp 
value ranging from 1x10−19 to 1x10−17 and with its insolubility in dilute HCl (mindat.org). 
However, this is not evident for the comparative data for atacamite and clinoatacamite. 
It is possible that CaMg(CO3)2, reported for CuCl post-treatment analysis, is in fact a 
copper oxide, which is present in higher quantities at peak 36 with the 
trihydroxychlorides whilst CaMg(CO3)2 wt% remains the same. Further work is 
required to confirm this. No XRD data is available for higher temperature treatments, 
which means the estimation of compounds present based on colour change cannot 
be confirmed, although the grey/black colour change would suggest more CuO. 
Solvation of CuCl accounts for the large loss of Cl- identified by XRD EDA (Table 
6.2.22). A small amount of Cl was incorporated in the increased wt% of atacamite post 
treatment but only 1 wt% remained of the original 40% CuCl, with the small 1% 
clinoatacamite unchanged. It is possible that CuCl hydrolysis generated atacamite and 
it may have occurred post treatment according to equation [7.2] (Scott 1990). 
Considering the stoichiometry of CuCl and the wt % content of the pellets before and 
after treatment, with a potential error of ±5 - 10% in the estimation of the quantity of 
compounds present by the XRD software, most of the copper has been incorporated 
into the Cu2O and the atacamite formed during treatment. Any Cu unaccounted for 
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could have left as soluble CuCl2- species. Along with the transformations detected, 
there is an average weight loss of approximately 40% in all pellets across the full range 
of treatment variables (Table 6.2.25, Figure 6.2.31). This may account for some Cu 
loss and erosion of the pellet during treatment (Figure 5.4). 
Outcomes of XRD analysis of the CuCl pellets post-treatment are supported by SEM 
data that examines their Cl content (Table 6.2.19). For SEM-EDS analysis, the 
collection of misleading data due to uneven mixing of CuCl and binder during pellet 
manufacture, was accounted for by collecting multiple spectra from a varied size of 
raster areas (Appendix I, Figures I-1.1 - 8, Table 6.2.19). The untreated CuCl control 
powder contained a wide range of Cl concentrations (48.5 – 0.1 wt%). This can be 
attributed to both uneven binder/CuCl integration during mixing and the size of the 
raster area. In some areas, Cl is too close to the detection limit of the apparatus to 
confirm its presence, elsewhere it is present at very high levels, indicating that the 
spectrum is recording CuCl, rather than binder/CuCl mixtures. Post treatment, the Cl 
wt% ranges all lie below 1 wt%, irrespective of whether spectra are collected on the 
surface or from the pellet cross section. These results align well with the XRD data for 
post-treatment Cl content, where CuCl is less than 1% and Cu2Cl(OH)3 polymorphs 
total from 4% to 7% of the sample (Table 6.2.22).  
7.1.3 Cu2Cl(OH)2 (Atacamite): Chloride Extraction (Series 1: Tables 
6.1.4 – 6.1.6, Figures 6.1.4 – 6.1.6 and 7.7; Series 2: Tables 6.2.7 – 6.2.12, 
Figures 6.2.7 – 6.2.12, 7.8A-F, 7.9A-B and 7.10A-B) 
For Series 1 experiments, three Cu2Cl(OH)2 (atacamite) pellets were treated together 
at each subcritical parameter combination (Figures 6.1.4 – 6.1.6; Tables 6.1.4 – 6.1.6), 
which meant each test run contained a total of 0.042 M or 0.15g Cl (Table 5.8). Series 
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2 tests used single pellets but employed the same parameter settings for temperature 
and pH but were run for 480 minutes and samples at intervals throughout this time. 
For Series 1 and Series 2 tests the generic pattern of rise and fall in Cl- concentration 
of the eluate at values of t=x, was virtually the same as that seen for the CuCl pellets 
for all pH and temperature values, except the highest concentration of Cl- in eluate 
was at t = 15 for all sample sets in Series 1 (Figures 6.1.4 - 6.1.6; Tables 6.1.4 – 6.1.6) 
but was either at t = 15 or t = 30 for Series 2 (Figures 6.2.7 – 6.2.12; Tables 6.2.7 – 
6.2.12). In Series 1, the same anomaly of Cl- concentration as was seen for CuCl was 
present at t = 60 for the 300-minute treatment exceeded the t = 60 value for the 60-
minute treatment procedure (Figure 7.7).  
 
Figure 7.7: Comparison of chloride in eluate collected at t=60 for 60- and 300-minute tests on 
atacamite in Series 1 
The concentration of Cl- in eluate was much less than for CuCl, which was expected 
as there was less Cl present to begin with (Table 5.8). 
The Cl- concentrations in the eluate for Series 2 tests on single pellets, at all variable 
combinations, are approximately one third of those recorded for the Series 1 tests, 
which used 3 pellets per treatment batch, signifying a degree of reproducibility 
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between these pellet samples. Cl- concentration in the eluate samples in Series 1 and 
2, at 130 oC and 180 oC, is low but is much higher for tests run at 230 oC. In the Series 
2 tests for all pH values, maximum Cl- concentration in the eluate at t = 15 at 130 oC 
and 180 oC is 131 ppm but at 230 oC it is 627 ppm, similarly for Series 1 tests the 
figures are 378 ppm and 2213 ppm (Tables 6.1.4 to 6.1.6).  
Examining the profile of Cl- in the eluate for Series 2 samples treated at 130 oC and 
180 oC reveals that Cl- extraction from the pellet is very low and could be considered 
to be negligible, when compared to the calculated amount of Cl in the pellet (Table 
5.9, Figures 7.8A-F and 7.10A-B) 
 
A. 
49 51
48
40
49
57
44
40
28
36
31
2627
38 39
32
39
44
37
31
47
38
26
15
0
10
20
30
40
50
60
15 30 45 60
Cl
-i
n 
el
ua
te
 (p
pm
)
Time (mins)
pH8 130C (25) pH8 130C (38) pH8 130C (54)
pH10 130C (11) pH10 130C (27) pH10 130C (46)
175 
 
 
B. 
 
 
C. 
40
49
32
25
40
45
31
23
26
33
22
15
32
28
17 16
31 30
26
24
15
22
20 19
0
10
20
30
40
50
60
60 120 300 480
Cl
-i
n 
el
ua
te
 (p
pm
)
Time (mins)
pH8 130C (25) pH8 130C (38) pH8 130C (54)
pH10 130C (11) pH10 130C (27) pH10 130C (46)
88
97
88
72
64
107
88
72
88
107
88
74
92
107
91
74
100 101 101
66
116
131
169
107
0
20
40
60
80
100
120
140
160
180
15 30 45 60
Cl
-i
n 
el
ua
te
 (p
pm
)
Time (mins)
pH8 180C (1) pH8 180C (3) pH8 180C (5)
pH10 180C (9) pH10 180C (17) pH10 180C (48)
176 
 
 
D. 
 
 
E. 
72
64
43
27
72
57
46
28
74
64
42
21
74
59
50
34
66
59
65
42
107
75
41
12
0
20
40
60
80
100
120
60 120 300 480
Cl
-i
n 
el
ua
te
 (p
pm
)
Time (mins)
pH8 180C (1) pH8 180C (3) pH8 180C (5)
pH10 180C (9) pH10 180C (17) pH10 180C (48)
575
313
149
84
526
313
290
104
627
313
152
75
320
298
177
117
369
239
164
117
423
294
148
96
0
100
200
300
400
500
600
700
15 30 45 60
Cl
-i
n 
el
ua
te
 (p
pm
)
Time (mins)
pH8 230C (31) pH8 230C (32) pH8 230C (37)
pH10 230C (2) pH10 230C (7) pH10 230C (30)
177 
 
 
F. 
Figure 7.8 A-F: Impact of pH and temperature on chloride release during subcritical treatment on 
atacamite pellets in Series 2 
At 230 oC Cl- extraction is around 5 to 6 times greater at all eluate sampling times 
(Figures 7.8 A-F and 7.10 A-B). Temperature clearly has a major impact on Cl- removal 
from atacamite. No treatments went to completion but Cl- content of the eluate is very 
low beyond t = 120 for all tests in Series 2 experiments. Overall, the impact of 
subcritical treatment at the lower temperatures on the removal of Cl- from atacamite 
appears to be limited. To some extent this is supported by the retention XRD data 
recording of Cu2Cl(OH)2 in the CuCl pellet tests at 130 °C (Table 6.2.22). 
The pH values of the wash solution fell to their lowest when the eluate contained the 
most Cl-, paralleling the observations for the CuCl pellet tests reported previously 
(Figure 7.9 A-B). 
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Figure 7.9 A-B: Effect of chloride in eluate on pH in tests with atacamite 
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Typically, for treatments at pH 8 at 130 oC and 180 oC in Series 2 tests the fall was an 
approximate maximum of 1.5 pH units and at pH 10 it was 2 units. For the higher Cl- 
concentrations at pH 10 this rose to 3 pH units. Series 2 results demonstrate clearly 
the pattern of pH fall following higher Cl- concentrations in the eluate. This is linked to 
hydrolysis of Cl- and the formation of a HCl solution in the eluate [7.2]. 
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Figure 7.10 A-B: Comparison of effect of temperature on chloride release into eluate in tests with 
atacamite in Series 2 
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7.1.4 Cu2Cl(OH)2 (Atacamite): Transformation and chloride loss (Series 
1: Tables 6.1.13 – 15 and 6.1.25, Figure 6.1.10; Series 2: Tables 6.2.20, 
6.2.23 and 6.2.26, Figures 6.2.23 – 26 and 6.2.31, Appendix I: Figures I-1.9 
– 16)  
Colour changes to the Series 1 sample sets clearly show how the bright green 
atacamite pellet darkens more with increasing temperature (Figures 6.1.13 to 6.1.15). 
This is could be interpreted as signifying formation of CuO. Unfortunately, XRD data 
only exists for pellets treated at the lower temperature of 130 oC (Figures 6.2.23 to 
6.2.26; Table 6.2.23) and 180 oC (Table 6.1.25, Figure 6.1.10). This reveals that the 
botallackite polymorph present in the original sample is lost or transforms to atacamite 
(Krivovichev et al 2016), which increases by a similar wt% of botallackite loss. Their 
stoichiometry is the same and thus there appears to be no loss of Cl-. Botallackite loss 
is not unexpected, as it is a highly unstable species being recorded only very 
infrequently in nature (Frondel 1950, Pollard et al 1989) and noted by other studies 
has having short longevity in many environments (Pollard et al 1989, Krivovichev et al 
2016). Given the error that might be expected on the XRD compositional calculations 
and the very low concentrations of Cl- detected in the eluate, the increase in atacamite 
during treatment can be explained by this reasoning. The small concentrations of Cl- 
in the eluate (Tables 6.2.7 and 6.2.8; Figures 6.2.7 and 6.2.8) can be explained by 
weight loss from the sample (Table 6.2.26, Figure 6.2.31), which is small at 6% to 7%. 
The occurrence of small amounts of CuO could account for the colour change on the 
exterior of the pellet (Tables 6.1.13 – 15 and 6.2.23). Without XRD data to identify 
post-treatment compounds for the 230oC treatments, it is not possible to state the 
origin of the higher concentrations of Cl- in the eluate at this temperature, as it unknown 
whether transformations occur and the wt% of atacamite is reduced to account for Cl. 
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SEM-EDS analysis data for the samples treated at 180 oC indicate surface loss of Cl 
from the pellets, but the cross-section retains Cl at concentrations that lie within the 
range of Cl within the untreated control (Table 6.2.20, Appendix I, Figures I-1.9 - 12). 
Treatments at 230 oC indicate that Cl is lost from both the surface and the core of the 
pellet (Table 6.2.20, Appendix I, Figures I-1.13 - 16). Carrying out XRD analysis on 
the 230 oC sample would identify transformations that had occurred within the pellet 
core. Empirically, it appears that the higher treatment temperature likely transforms 
atacamite and releases its Cl. 
7.1.5 Cu2Cl(OH)2 (Clinoatacamite): Chloride Extraction (Series 1:Tables 
6.1.7 – 9, Figures 6.1.7 – 9 and 7.11; Series 2: Tables 6.2.13 -18, Figures 
6.2.13 – 18, 7.12A-F, 7.13A-B and 7.14A-B) 
For Series 1 experiments, three Cu2Cl(OH)2 (clinoatacamite) pellets were treated 
together at each subcritical parameter combination (Figures 6.1.7 – 6.1.9; Tables 6.1.7 
– 6.1.9), which meant each test run contained a total of 0.0114 M or 0.399 g Cl (Table 
5.8). Series 2 (Tables 6.2.13 -18, Figures 6.2.13 – 18) tests employed the same 
parameter settings for temperature and pH but were run for 480 minutes and sampled 
at intervals throughout this time. Each pellet contained 0.002 M Cl. 
The concentrations of Cl- in the eluate of the clinoatacamite samples for all 3 
temperature variations and pH values show the same generic pattern seen in CuCl 
and atacamite of recording the highest Cl- concentration in the eluate at either t = 15 
or t = 30 for both Series 1 and Series 2 experiments (Tables 6.1.7 - 6.1.9 and 6.2.13 
– 6.2.18; Figures 6.1.7 – 6.1.9, 6.2.13 – 6.2.18, 7.12 A-F and 7.13 A-B). Cl- 
concentration in eluate in Series 1 and 2 experiments is low for all 3 temperature and 
pH variables. In Series 1, the Cl- concentrations are extremely high in comparison to 
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atacamite. This is attributed to the NaCl impurity present from synthesis (see Chapter 
5.3.1).  
 
Figure 7.11: Comparison of chloride in eluate collected at t=60 for 60- and 300-minute tests on 
clinoatacamite in Series 1 
 
As temperature increases the extraction pattern remains the same regarding 
maximum and minimum concentrations of Cl- in the eluate but the quantity of Cl- at 
each t = x measurement changes. In Series 2, when treatment is stopped at t = 480 
the Cl- concentration in the eluate is low for all 3 temperatures, with a clear pattern of 
lowest at 230 oC followed by 180 oC then 130 oC (Figures 7.12 A-F and 7.13 A-B).  
The maximum Cl- concentration at 130 oC and both pH values at t = 480 ranges from 
14 – 34 ppm but at 230oC at pH 8 and 10 it is 1 – 2 ppm. This signifies that the 230 oC 
treatments are effectively complete and extract no further Cl- from t = 120 onwards, as 
Cl- concentration is 10ppm at that point and falls to less than 2 ppm at t = 480. Whereas 
the 130 oC treatments continue to remove Cl- over the t = 120 to t = 480 range but with 
Cl- concentrations below 50ppm (Figures 7.12 A-F and 7.13 A-B).  
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Figure 7.12 A-F: Impact of pH and temperature on chloride release during subcritical treatment on 
clinoatacamite pellets in Series 2 
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Figure 7.13 A-B: Comparison of effect of temperature on chloride release into eluate in tests with 
clinoatacamite in Series 2 
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The pH of the eluate follows the same generic pattern observed for CuCl and 
atacamite (Figure 7.14 A-B).  
 
A. 
 
B. 
Figure 7.14 A-B: Effect of chloride in eluate on pH in tests with clinoatacamite 
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The pH values fall when Cl- concentration in the eluate is high and rising when it is 
low, with the lowest pH values when Cl concentration in the eluate is high. Reduction 
in pH at 130 oC and pH 8, is in the region of 0.3 to 0.7 pH units and for treatment at 
230 oC, when Cl- concentrations are higher at pH 8 it is 0.3 to 2.1 pH units lower. 
There is no pattern for pH influencing Cl- concentration in the eluate.  
7.1.6 Cu2Cl(OH)2 (Clinoatacamite): Transformations and chloride loss 
(Series 1: Tables 6.1.16 – 18 and 6.1.26, Figure 6.1.11, Series 2: Tables 
6.2.21, 6.2.24 and 6.2.27, Figures 6.2.27 – 30 and 6.2.31, Appendix I: 
Figures I-1.17 – 24) 
Observing the clinoatacamite Series 1 pellets pre- and post-treatment reveals no 
obvious colour change across all three temperature and both pH ranges (Tables 
6.1.16 to 6.1.18). XRD semi quantitative data for samples treated at 130 oC pH 8 and 
pH 10, reveal small increases in CuO from negligible values of 0.2 wt% to 1.9 wt% 
and 3.6 wt% and there is a small reduction of 2 wt% to 2.6 wt% for clinoatacamite 
(Table 6.2.24, Figures 6.2.27 - 30). Stoichiometrically, the Cu released from the 
reduction in the wt% of clinoatacamite present does not exactly match the increase in 
CuO wt%, but the error of this semi-quantitative methodology means the Cu released 
could match the growth of the CuO and therefore be incorporated there. The presence 
of only 9 wt% clinoatacamite in the control sample is confusing and unexpected, as 
the 1:1 ratio of mixing the pellet with binder should have produced significantly more 
than this, as the binder represents 90 wt% of the pellet.
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At their termination, the 130 oC Series 2 treatments were still releasing Cl- into the 
eluate and the XRD data confirms that the sample still contained clinoatacamite to 
provide this Cl-. Analysis of the 230 oC sample set would determine if either all the 
clinoatacamite had been lost and treatment was completed or the clinoatacamite 
remained but was not being transformed, as absence of Cl- in the eluate indicates this 
was the case. Comparing eluate concentrations 2 - 3 times more Cl- had been 
removed overall by the 230oC treatments than for the 130 oC treatments. Given the 
semi-quantitative nature of the XRD, extrapolating from the data for 130 oC indicates 
that this may be possible. Mass loss of the pellets increases at higher temperature 
treatment (Table 6.2.27). There is also potential for this to account for some loss of 
both Cl and Cu. Mass reduction is likely to be partially due to the higher treatment 
temperature impacting on the coherence of the pellet structure.   
7.1.7 Cu2O Cuprite: Transformations (Tables 6.1.19. – 6.1.21)  
The characteristic deep red or burgundy colour of Cu2O is evident post-treatment 
(Tables 6.1.19 to 6.1.21.), indicating that higher temperatures, pH ranges and longer 
treatment times cause greater transformation to occur. There is a darkening of the red 
initially, turning into darker grey hues until a deep grey is reached at the highest 
parameters. This demonstrates subcritical conditions are capable of producing colour 
and physical integrity changes in patina compounds such as Cu2O.  
7.1.8 Cu3(CO3)2(OH)2 Malachite: Transformations (Tables 6.1.22. – 
6.1.24) 
Malachite was perhaps the most important of the selected corrosion products with 
regards to colour change during treatments, due to its role in providing an aesthetically 
pleasing natural patina. Colour changes occured at all parameters tested (Tables 
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6.1.22. – 6.1.24.). More noticeable change occurred with increasing temperature, pH 
and time with gradual progression inward from the pellet surface. Any use of subcritical 
treatment must take this into account.  
7.1.9 Summary 
• Cl- is being extracted in all test scenarios.  
• With most experiments, the highest peak of Cl- release occurs at t = 15 of the 
experiment, with the greatest concentration measured in eluate during the first 
60 minutes of treatment.  
• The highest peak of release is also coincidental with the lowest pH readings in 
each experiment. Concentration of Cl- has a significant impact on pH until 
around 200 ppm, then below 100 ppm it becomes very limited.  
• The results clearly demonstrate a strong improvement of Cl-  extraction kinetics 
with increasing temperature for atacamite and clinoatacamite.  
• Experiments on CuCl, atacamite and clinoatacamite showed a similar generic 
pattern of Cl--release at all operational pH and temperature values tested. The 
highest concentrations of Cl- released into the eluate samples collected at t = 
x, were recorded in the first 30 minutes regardless of the total duration of the 
overall test.  
• For all the series 2 experiments the very low levels of Cl- in the eluate at t = 480 
lead to the conclusion that the method has reached its limit for extraction of Cl. 
This may mean there is no more Cl to be extracted or that there is residual Cl 
that cannot be extracted as detected for treatments at the lowest temperature 
parameter. 
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• While SEM-EDS analysis proved high degrees of removal from surface and 
interior locations of pellets tested, and XRD analysis confirmed transformation 
of compounds to non-chlorinated species, determining complete removal of Cl 
is not possible as residual Cl was not measured by digestion. 
• The degree of transformation and the resulting compound is directly connected 
to the parameter variation.   
• For all compounds studied, the higher temperature, pH and longer treatment 
time results in greater conversion to CuO, while shorter times and lower 
temperature and pH levels encourage the formation of Cu2O.  
• Transformation into burgundy red Cu2O may be aesthetically more acceptable 
than the abrupt conversion to a dark-grey or black CuO, but this may reflect 
personal preference. CuO, in its loose and powdery nature, is physically 
outperformed by the more compact Cu2O (Table 2.4), which provides a 
compact passivating patina.  
• The relevance of the data collected from the interior regions was compromised 
largely by cracking along the plane of many of the pellets, which occurred to a 
greater degree at the higher parameters. This cracking was not witnessed 
immediately after retrieval from the treatment cell, while the samples were still 
wet, but was soon noted after the drying was complete. Thus, water clearly had 
a cohesive effect on the transformed matrix. Where possible, intact pellets were 
selected and sectioned for the analysis of interior regions, which revealed the 
original composition of the pellet had not changed when compared to the 
transformations on the surface, implying post-treatment delamination, the 
cause of which is the removal of water, which is known to exert strong capillary 
tension on poorly adherent corrosion product matrices. 
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• Mass changes were noted in all pellet samples treated, with the highest 
temperature causing the greatest change in all compounds tested. The 
solubility of CuCl was likely responsible for the highest recorded mass loss. 
Mass % change was higher than expected in all samples, with >40% in CuCl, 
10-30% in atacamite and 5 – 20% in clinoatacamite in Series 2. Such changes 
cannot be attributed solely to the loss of Cl. It is likely dissolution of the Ca2CO3 
is responsible for the weight change witnessed particularly in the experiments 
carried out with the lower pH.  
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7.2 Series 3: Subcritical treatment of analogues and 
archaeological objects  
7.2.1 Analogues (Coupons NC1 – NC6): Chloride Extraction (Tables 
6.3.1 – 3, Figures 6.3.1 – 3) 
Testing pre-corroded copper alloy coupons (see Chapter. 5.3.3) offered insight into 
the impact of the subcritical treatment on the integrity of corrosion product layers 
developed naturally on a copper alloy within a brackish environment. Visual impact 
was of particular interest, as well as the removal of Cl- from the samples. The analogue 
samples were treated using the same parameter combinations as the Series 1 and 2 
pellet samples (Figures 6.3.1 – 6.3.3; Tables 6.3.1 – 6.3.3). The Cl- eluate data 
produced from treating the analogues produced concentration profiles similar to the 
Series 1 and 2 experiments but the low levels of Cl- in the eluate made the differences 
less distinct. Cl- concentration is at a maximum at t = 15, lower temperature treatment 
produced lower concentrations of Cl- in the eluate and was still delivering Cl- to the 
eluate at t = 480 treatment termination point, whereas the high temperature treatment 
has higher Cl- concentrations in eluate at t = 15 and removal of Cl- is complete at t = 
120. The small concentrations of Cl- in the eluate mean it is not possible to gain any 
insight into whether the total Cl- removed is greater at higher temperatures. It is more 
likely that the Cl- removed will be similar but occurs faster at higher temperatures. The 
solution pH had no impact on Cl- concentration in the eluate and it falls to lower pH 
values as Cl- within the eluate increased. These results all align well with the results 
of the pellet tests in Series 1 and 2.  
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7.2.2 Analogues (Coupons NC1 – NC6): Transformations and chloride 
loss (Table 6.3.5) 
The patina colour changes during treatment and undergoes significant physical 
change (Table 6.3.5). While there is no confirmation by XRD analysis, the change from 
an initial green/buff patina with underlying orange, to a more orange colour overall with 
some black patches, is indicative of the growth of Cu2O and CuO. Since the underlying 
oxide beneath the patina is orange, patina loss will turn the analogue orange and this 
will mask any transformation to Cu2O. The occurrence of Cu2O due to subcritical 
treatment is predicted from the pellet test results.  
 7.2.3 Artefact Sections (AS1 – AS6): Effect on Metallography (Tables 
6.3.6, 6.3.8 - 13; Appendix I-1.25 - 30)  
SEM-EDS elemental analysis of freshly cut metallic cross sections of artefacts AS1 - 
6, before and after treatment, explained how the different treatment parameters (pH 8 
and 10, temperatures 130 oC, 180 oC and 230 oC) in a 480-minute long treatment in 
subcritical conditions influenced the metallographic composition of the objects (Tables 
6.3.8 – 6.3.13). Treatment produced some growth of corrosion products on the fresh 
metal, which appears visually to be either Cu2O or CuO (Table 6.3.6). Their 
occurrence can be explained by examining the stability fields of these compounds in 
alkali at high temperature (Figure 4.5). 
In comparing the averages of Cu, Zn and Sn, there is no reason to believe that the 
treatment would have affected the metallurgical composition of the sample within 
these interior regions. However, given that the object is a Zn-Sn bronze it is likely that 
the more alkaline treatment solutions at elevated temperatures may lead to some 
selective leaching of Zn and Pb. The Pb content has more than doubled, but due to 
the globular presence in the alloy, there is no reason to believe that any changes in 
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mean values for Pb would be the result of the treatment, but rather correlated to the 
exact location of quantification within the sample area. There is often strong 
segregation of the phases in such alloys and so the individual grains or dendrites show 
up significant natural variation in composition. 
7.2.4 Artefacts A1 – A9: Chloride Extraction (Table 6.3.4, Figure 6.3.4) 
Treatment of archaeological artefacts A7-A9 at 230 oC produces eluate Cl- 
concentration profiles that are predicted from the results obtained in the pellet and 
analogue tests (Table 6.3.4; Figure 6.3.4). Extraction peaks at t = 15 and thereafter 
falls off rapidly. The pH profile has a similar pattern to the pellet experiments but with 
much smaller reductions due to the very low concentrations of Cl- in the eluate. Low 
concentrations of Cl- in the eluate may be due to either the artifacts having very low 
levels of Cl within them or their patina is dense and coherent making access of the 
wash solution to any CuCl below the metal surface difficult to achieve.  
7.2.5 Artefacts A1 – A9: Transformations and chloride loss (Tables 
6.3.7 and 6.3.14 – 22, Appendix I-1.31-39) 
Multiple SEM-EDS spectra were collected within a selected area of each object 
surface of A1 – A9 and the maximum and minimum values of elements were recorded 
to offer insight into the relative concentration (Tables 6.3.14 - 22; Appendix I-2.31 - 
39). The pre-treatment enrichment in tin levels reflected that the alloy has been subject 
to extensive corrosion during burial of the Cu-rich alpha phase which has left behind 
the corroded-out Sn-rich eutectoid phase (MacLeod 1991, Hassairi 2010). After-
treatment, analysis shows Cu levels have increased on the surface relative to Sn 
which has reduced by 75%. This data indicates that Sn is being mobilised out of the 
alloy, owing to its amphoteric nature (MacLeod 1991, Walker 2000). Zn has increased 
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slightly, and Pb has doubled. This change in Pb concentration is consistent with it 
being less mobile than the Sn-rich phases which have dissolved and left the Pb behind. 
The mobilisation of Zn at elevated temperature and pH is part of the normally expected 
dezincification process of the Zn-Sn bronze (Finnegan et al 1981, Saber and El 
Warraky 1997, Ateya et al 2009). It is an important conservation issue, as it sets the 
limit to the temperature range to which the desalination treatment can be taken. The 
observation of dezincification reactions under the given experimental conditions 
means that some non-ferrous metal alloys containing moderate levels of Zn will 
undergo preferential leaching (Finnegan et al 1981, Ateya et al 2009) and so the 
method is unlikely to be suitable to single and duplex-phased brass objects.  
The levels of Cl encountered in the locations tested in Artefacts A7- A9 (Tables 6.3.20 
– 22) are extremely low, with a 0.05 wt% average value before treatment, being within 
the error of detection, even when measured specifically in corrosion pits observed on 
the surface. The decrease to 0.02 wt% after treatment is considerable but, due to the 
extremely low values, is inconclusive. 
Colour change to object patinas is dramatic and universally similar, delivering striking 
changes in appearance (Table 6.3.7). The colour palette produced is unexpected, 
being neither orange nor black as might be expected from previous experiments. The 
buff colour with some orange tints may be due to the combined impact of the 
grey/green patina mixing with the production of some Cu2O within it. It may also be 
the result of high temperature washing in alkaline solution resulting in formation of 
copper (I) hydroxides on the surface (MacLeod 1985). Also, lack of access to CuCl 
means that changes occur on outer corrosion products such as Cu3(CO3)2(OH)2 
which produced grey/black colourations that were likely CuO in pellet treatments 
(Tables 6.1.22 – 6.1.24). 
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7.2.6 Summary  
• For the coupons NC1-6 the greatest release occurs rapidly and early in the 
experiment. The highest temperature produces the highest release of Cl- 
between t = 0 and t = 15, which is not measured due to non-cumulative 
sampling procedure. pH has no identified effect on the Cl- release rates. 
• Colour change of coupons NC1 – NC6 occurred at all parameters but was more 
marked at higher temperature and pH.   
• Artefact sections AS1-6 were used to assess impact on the alloy. Changes 
were noted in all. At 130 °C and pH 8 the shiny metallic sectioned surfaces 
were observed to developed a reddish brown deposit, whereas the already 
corroded surfaces displayed no noticeable change.  
• At pH 10, a change on all surfaces was greater, with a blackening of the bright 
metallic surfaces and darkening of the corroded surfaces. At the higher 
temperatures, the changes were similar and more significant.  
• Artefacts A7 – A9 follow expected patterns of Cl- with Cl- concentration in the 
eluate greatest at t = 15 and pH fall where Cl- concentration is greatest. This 
confirms the patterns seen in the pellet experiments.  
• Artefacts A1-A3 patina change appearance at 230 °C and pH 8. A general 
yellowing is noted, with blackening of raised components of the artefacts. This 
change is likely due to the formation of copper (I) hydroxides on the surface 
(MacLeod 1985). The yellow products are powdery, and easily brushed off the 
surface, revealing a reddish brown, more compact patina. Microstructure group 
A4-A6 show lesser colour change with darker hues than A1-A3, but the layer 
formed on them is thicker, less regular and more compact, and difficult to 
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remove. A reaction with the metal alloy is suggested, but identification requires 
further work.  
• Artefacts A7-A9 show the greatest variation in colour between samples. A9 
follows the powdery depositional nature of artefacts A1-A3 but the colouration 
is darker brown. A8 remains partially unchanged, mostly in areas where better 
green patination was observed. Areas most affected with powdery corrosion 
within pits (e.g. curved ends of A8) are converted from turquoise green to 
powdery yellow brown. A7 is the most affected, with colour change from 
turquoise green to hues of grey with reddish overlay. The layer formed is thick, 
irregular and compact, implying compounds having been formed with the alloy. 
Further work is required for identification of these.  
• SEM-EDS analysis of interior of AS1 – 6 shows similar patterns of change in 
alloy elements of interest Cu, Sn, Zn and Pb, regardless of parameter 
combination. Copper remains largely the same, while Sn levels are slightly 
reduced. Zn and Pb, however, show a consistent increase in levels from one 
test to the next. The change in Zn can be attributed to a dezincification reaction 
at the elevated temperature and pH.  
• SEM-EDS analysis of surfaces of artefacts A1-A9 show consistently that Cu 
levels increase while Sn levels are reduced. Zn and Pb enrichment on the 
surface was also noted on all samples studied.  
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8. CONCLUSION 
The experimental study produced outcomes that offer guidance on the influence of 
temperature, time and pH during subcritical treatment on three Cl-bearing compounds 
and two patina compounds commonly present in archaeological copper alloys. Using 
this experimental data, supported by data produced from the treatment of purposely 
corroded copper alloy coupons and samples from archaeological copper alloy objects, 
it is possible to indicate how subcritical treatment changes the composition, aesthetic 
appearance and physical attributes of patinas and corrosion product layers present on 
archaeological copper alloys. 
For the removal of Cl- from copper alloys, evidence generated by this research 
indicates that subcritical treatment should be run at 230oC for 480 minutes at pH 8, 
since pH 8 and pH 10 sodium carbonate-based solutions produce similar Cl- 
concentrations in the eluate at t = x for matched temperature runs. These operational 
parameters will deliver the fastest and most complete extraction of Cl from powder 
pellets of CuCl and Cu(OH)3Cl polymorphs (atacamite and clinoatacamite), pre-
corroded copper alloy metal samples and archaeological objects. Measured as 
concentration of Cl- in the treatment eluate, all samples treated in this study peaked 
their Cl- extraction either at or before 60 minutes from commencing treatment and 
reached an end-point for extraction of Cl- either at or before 480 minutes at 230oC. 
Consequently, mixtures of these compounds can be treated with an expectation that 
all extractable Cl- will be removed by termination of treatment at 480 minutes. SEM-
EDS analysis of pellets post-treatment revealed that Cl- was negligible both on the 
surface and within the cross section of pellets of the Cl-bearing compounds treated for 
480 minutes at 230oC, which testifies the efficiency of Cl removal by subcritical 
treatment.  
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CuCl either solvated or transformed the light green powder to orange coloured Cu2O, 
with lesser amounts of black CuO, evidenced by XRD for 130oC pellet treatments. 
Higher temperature likely produces more CuO, judging by the darker colour of pellets 
post-treatment at 230oC. The small amounts of CuO present in atacamite and 
clinoatacamite powders post- treatment at 130oC darkened the pellets and this effect 
was more noticeable at 230oC. Cu3(CO3)2(OH)2 pellets appeared grey/black following 
subcritical treatment. These colour changes indicate subcritical treatment will produce 
significant aesthetic change to any object bearing these compounds. Since malachite 
is often the outermost corrosion product in patinas, a change to grey/black might be 
expected to occur. This was not seen in practice when archaeological objects and 
analogues were treated. The buff colour produced post-treatment for archaeological 
objects requires further work to identify composition of deposits and mechanisms of 
formation. Pre-corroded metal analogues showed significant colour changes with 
patches of orange or burgundy red being most common. Additionally, transformations 
and solvation produced physical changes to patinas. Subcritical treatment cannot be 
recommended where the original colouration of the object is important, as colour 
change will likely occur and it is not predictable what these changes will be. Neither 
can the post-treatment integrity of a patina be guaranteed.   
While this study conclusively demonstrated that subcritical treatment is capable of both 
removal and transformation of Cl-bearing compounds commonly present in 
archaeological objects, it cannot be recommended for treating archaeological objects 
based on these results alone. Aesthetic and physical changes are unpredictable and 
may be unacceptable. Accepting these changes cannot be balanced directly against 
the proven effectiveness of subcritical treatment for removing Cl, nor its rapid 
treatment time. 
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Subcritical treatment also carries a very high initial financial outlay when compared to 
BTA, where treatment lasts a few hours at the cost of the chemicals. Employing 
treatment with inhibitors such as BTA over a few hours to hinder corrosion of Cl-
bearing objects remains a favoured alternative for terrestrial artefacts. Many 
publications affirm their effectiveness for stopping corrosion on terrestrial artefacts, 
although this affirmation lacks the support of quantitative evidence and long-term 
stability has been questioned. The use of inhibitors is also not a feasible option for 
heavily chlorinated artefacts, such as those recovered from the marine archaeological 
context. Future work should examine the efficacy of subcritical treatment on artefacts 
recovered from the marine environment. 
Further studies can nuance the treatment and explore colour and form changes more 
closely. Focus on multiple XRD analyses linked to powder-specific treatments would 
offer insight into colour changes and transformations. Transformations of CuCl to 
Cu2O and copper trihydroxychlorides and of atacamite and clinoatacamite (in Series 
2) to CuO produce more stable compounds, but this is problematic if form, volume and 
density differences disrupt and alter patinas. This requires examination before 
subcritical treatment can be considered a treatment option for copper alloys. Of 
importance is also the evaluation of impact of the treatment variables on compounds 
of the alloying elements, such as SnO2, due to their relevance in patina formation and 
surface detail retention.  
The results of copper corrosion product transformation are promising as they show 
significant amounts of Cl- are removed and transformation of CuCl to more stable 
compounds is positive for the goal of reducing the reactivity of objects containing this 
compound. Future work should include assessing impact specifically on marine 
archaeological samples with considerably higher quantities of Cl- within the corrosion 
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layers, than the samples available for this research. Of particular interest is the effect 
of subcritical treatment on marine archaeological samples that have not been allowed 
to dry out.  
These preliminary studies prove that subcritical fluids are effective in removing Cl- 
from artefact samples and may be favourable to the retention of copper. However, 
metallurgical changes to the alloying elements, particularly those comprising the 
original surface and patina suggest the technique will require further study to render it 
suitable for treatment of copper alloy artefacts. These studies suggest mobilisation of 
tin and zinc at the highest pH and temperature variable combination in particular. Such 
dezincification and/or destannification mechanisms cannot be considered an 
acceptable treatment result and further research is required to minimise these effects.  
Treatment time required for complete extraction of Cl and conversion of unstable 
compounds also requires further study, as CuCl is normally buried deep beneath 
patinas at the metal/corrosion product interface. The results suggest that higher 
temperatures produce more effective and faster extraction, but such parameters may 
not be suitable for some copper alloys, as suggested by the preliminary findings 
presented. Future work should explore if full extraction or conversion is possible at 
lower temperatures if other parameters, such as time and flow are increased. Other 
solution types, preferably of a neutral and stable range under subcritical conditions 
should be studied. As copper alloy artefacts are often revered for their aesthetic value 
directly linked to patina colour and surface detail, permanently altering these 
characteristics should not be considered an acceptable outcome in any treatment.   
In conclusion, the solution type, pH, temperature, treatment duration and flow all play 
integral roles as controllable variables in determining the effectiveness and, ultimately, 
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the success of the subcritical treatment. The preliminary results presented here are 
intended to inspire future research to examine the treatment parameters further in an 
attempt to establish an optimal range of conditions under which the treatment of 
copper alloy artefacts in subcritical fluids becomes a feasible option for the cultural 
heritage sector.  
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Appendix I: 1 
 
I.1 SEM-EDS IMAGING – SERIES 2 AND 3 
 
Figure I-1.1: Locations of the SEM-EDS spectra collected from the surface of CuCl pellet #21 treated at pH 8, and 180 
°C for 480 minutes 
 
Figure I-1.2:  Locations of the SEM-EDS spectra collected from the cross-section of CuCl pellet #21 treated at pH 8, 
and 180 °C for 480 minutes  
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Figure I-1.3: Locations of the SEM-EDS spectra collected from the surface of CuCl pellet #12 treated at pH 10, and 
180 °C for 480 minutes 
 
Figure I-1.4: Locations of the SEM-EDS spectra collected from the cross-section of CuCl pellet #12 treated at pH 10, 
and 180 °C for 480 minutes 
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Figure I-1.5: Locations of the SEM-EDS spectra collected from the surface of CuCl pellet #50 treated at pH 8, and 
temperature of 230 °C for 480 minutes 
 
Figure I-1.6: Locations of the SEM-EDS spectra collected from the cross-section of CuCl pellet #50 treated at pH 8, 
and temperature of 230 °C for 480 minutes 
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Figure I-1.7: Locations of the SEM-EDS spectra collected from the surface of CuCl pellet #29 treated at pH 10, and 
temperature of 230 °C for 480 minutes 
 
 
Figure I-1.8:  Locations of the SEM-EDS spectra collected from the cross-section of CuCl pellet #29 treated at pH 10, 
and temperature of 230 °C for 480 minutes 
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Figure I-1.9: Locations of the SEM-EDS spectra collected at the surface of the atacamite pellet #17, treated at pH 10, 
and 180 °C for 480 minutes 
 
Figure I-1.10: Locations of the SEM-EDS spectra collected at the cross-section of the atacamite pellet #17, treated at 
pH 10, and 180 °C for 480 minutes 
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Figure I-1.11: Locations of the SEM-EDS spectra collected at the surface of the atacamite pellet #3, treated at pH 8, 
and 180 °C for 480 minutes 
 
 
Figure I-1.12: Locations of the SEM-EDS spectra collected at the cross-section of the atacamite pellet #3, treated at 
pH 8, and 180 °C for a duration of 480 minutes 
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Figure I-1.13:  Locations of the SEM-EDS spectra collected at the surface of the atacamite pellet #31, treated at pH 8, 
and 230 °C for 480 minutes 
 
Figure I-1.14:  Locations of the SEM-EDS spectra collected from the cross-section of atacamite pellet #31, treated at 
pH 8 and 230 °C for 480 minutes 
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Figure I-1.15: Locations of the SEM-EDS spectra collected at the surface of atacamite pellet #17, treated at pH 10 and 
230 °C for 480 minutes 
 
Figure I-1.16:  Locations of the SEM-EDS spectra collected from the cross-section of atacamite pellet #7, treated at 
pH 10 and 230 °C for 480 minutes 
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Figure I-1.17: Locations of the SEM-EDS spectra collected from the surface of clinoatacamite pellet #13, treated at 
pH 8 and 180 °C for 480 minutes 
 
Figure I-1.18: Locations of the SEM-EDS spectra collected from the cross-section of clinoatacamite pellet #13, treated 
at pH 8 and 180 °C for 480 minutes 
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Figure I-1.19: Locations of the SEM-EDS spectra collected from the surface of clinoatacamite pellet #42, treated at 
pH 10 and 180 °C for 480 minutes 
 
Figure I-1.20: Locations of the SEM-EDS spectra collected from the cross-section of clinoatacamite pellet #42, treated 
at pH 10 and 180 °C for 480 minutes  
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Figure I-1.21: Locations of the SEM-EDS spectra collected from the surface of clinoatacamite pellet #24, treated at 
pH 8 and 230 °C for 480 minutes 
 
Figure I-1.22: Locations of the SEM-EDS spectra collected from the cross-section of clinoatacamite pellet #24, treated 
at pH 8 and 230 °C for 480 minutes 
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Figure I-1.23: Locations of the SEM-EDS spectra collected from the surface of clinoatacamite pellet #34 treated at a 
temperature of 230 °C and pH 10 for 480 minutes 
 
Figure I-1.24: Locations of the SEM-EDS spectra collected from the cross-section of clinoatacamite pellet #34 treated 
at a temperature of 230 °C and pH 10 for 480 minutes 
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Figure I-1.25: Location of spectra of SEM-EDS quantification on freshly cut surface of Artefact section AS1 after 
subcritical treatment at pH 8, 130 °C 
 
Figure I-1.26: Locations of spectra of SEM-EDS quantification on freshly cut surface of Artefact section AS2 after 
subcritical treatment at pH 10, 130 °C 
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Figure I-1.27: Locations of spectra of SEM-EDS quantification on freshly cut surface of Artefact section AS3 after 
subcritical treatment at pH 8, 180 °C 
. 
Figure I-1.28: Locations of spectra of SEM-EDS quantification on freshly cut surface of Artefact section AS4 after 
subcritical treatment at pH 10, 180 °C 
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Figure I-1.29: Locations of spectra of SEM-EDS quantification on freshly cut surface of Artefact section AS5 after 
subcritical treatment at pH 8, 230 °C 
 
 
Figure I-1.30: Locations of spectra of SEM-EDS quantification on freshly cut surface of Artefact section AS6 after 
subcritical treatment at pH 10, 230 °C 
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Figure I-1.31: Locations of spectra of SEM-EDS quantification on surface of Artefact A1 after subcritical treatment at 
pH 8, 230 °C 
 
Figure I-1.32: Locations of spectra of SEM-EDS quantification on surface of Artefact A2 after subcritical treatment at 
pH 8, 230 °C  
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Figure I-1.33: Locations of spectra of SEM-EDS quantification on surface of Artefact A3 after subcritical treatment at 
pH 8, 230 °C 
 
Figure I-1.34: Locations of spectra of SEM-EDS quantification on surface of Artefact A4 after subcritical treatment at 
pH 8, 230 °C   
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Figure I-1.35: Locations of spectra of SEM-EDS quantification on surface of Artefact A5 after subcritical treatment at 
pH 8, 230 °C 
 
 
Figure I-1.36: Locations of spectra of SEM-EDS quantification on surface of Artefact A6 after subcritical treatment at 
pH 8, 230 °C  
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Figure I-1.37: Locations of spectra of SEM-EDS quantification on surface of Artefact A7 after subcritical treatment at 
pH 8, 230 °C 
 
Figure I-1.38:  Locations of spectra of SEM-EDS quantification on surface of Artefact A8 after subcritical treatment at 
pH 8, 230 °C 
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Figure I-1.39: Locations of spectra of SEM-EDS quantification on surface of Artefact A9 after subcritical treatment at 
pH 8, 230 °C 
 
